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Abstract 
Silicate weathering is an important sink for atmospheric CO2 on geological timescales. In this 
contribution linkages between climate and silicate weathering across the Oligocene-Miocene (O/M) 
transition (23 Ma) are assessed, both locally to Ceara Rise (western equatorial Atlantic) and at a global 
scale. This is achieved through neodymium and lithium, trace element (ICP-MS) and isotopic analyses 
(MC-ICP-MS) of ancient planktic foraminiferal calcite.  
Mg/Ca and stable isotope (δ18O and δ13C) analyses in a preliminary palaeoecological study of the 
planktic foraminifera species D. venezuelana show this to be an ideal substrate for generating “sample-
hungry” palaeoceanographic proxy records across the O/M, with morphotypes exhibiting similar depth 
habitats and ontogeny, permitting large mono-specific samples to be collected. 
Trace element records from planktic foraminifera give insight into the palaeoceanographic conditions 
at Ceara Rise during the “Mi-1” glaciation at 23 Ma and allow the controls on Li incorporation into 
planktic foraminiferal calcite to be assessed. Li/Ca values increase when the carbonate ion saturation 
state of seawater is high, suggesting this to be a dominant control on Li uptake on short timescales (<1 
Myr). Mg/Li values correspond well with high latitude temperature changes (inferred from benthic 
foraminiferal δ18O) demonstrating the application of this proxy to estimation of tropical sea surface 
temperature. A long-term increase in Li/Ca values is observed across the interval of study that suggests 
an increase in the Li concentration of seawater ([Li]sw). This increase in [Li]sw is likely caused by an 
increase in riverine Li flux resulting from a 20% increase in silicate weathering rates across this 
interval, following contemporaneous uplift and erosion of the Himalaya. The drawdown of 
atmospheric CO2 associated with this weathering increase is a potential trigger for the Mi-1 glaciation 
at the O/M boundary.  
Low Nd isotopic compositions in fossilised fish teeth and foraminiferal calcite samples are observed 
during O/M glacial intervals, suggesting that Amazon weathering flux increased during these intervals 
of local cooling and aridity. This result demonstrates the strong links between climate and rates of 
physical erosion.  
Significant changes global silicate weathering intensity cannot be inferred from the lithium isotope 
records from planktic foraminifera in this study samples across the hypothesised increase in silicate 
weathering rates, associated with early Himalayan uplift. However, updates to the lithium isotope 
methodology are proposed that will improve data quality of future planktic foraminiferal lithium 
isotope records. 
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Introduction 3 
1 Introduction 
The overarching aim of this study is to assess the importance of continental 
weathering on levels of atmospheric carbon dioxide (pCO2). To this end, I have 
examined the chemical and isotopic compositions of ancient planktic foraminifera 
recovered from marine sediments deposited some 23 million years (Myr) ago, during 
the so-called “Mi-1 glacial event”. A detailed description of the Mi-1 event, and the 
specific objectives of this thesis, can be found at the end of this chapter. I begin, 
however, with a discussion of the geological carbon cycle and the different models 
that attempt to explain the regulation of pCO2 throughout Earth’s history. This is 
followed by an appraisal of the utility of different isotope systems as tracers of 
continental weathering. 
1.1 The Geological Carbon Cycle and the importance of weathering 
Over the past 65 Myr the Earth’s climate has undergone considerable change, on a 
variety of frequencies and timescales (Miller et al., 1987; Zachos et al., 2001). 
Understanding the causal mechanisms and consequences of these changes is 
imperative for predicting climate conditions in the future. It is now widely accepted 
that the level of atmospheric carbon dioxide plays a major role in regulating global 
climate (DeConto and Pollard, 2003; DeConto et al., 2008), which has sparked a 
plethora of research into reconstructing past levels of pCO2 (see review by Royer et 
al. 2006). On more recent time scales (<800 thousand years before present; ka), 
records of pCO2 may be obtained from analyses of gas bubbles trapped within ice 
cores (Lüthi et al., 2008), but on longer timescales the most promising records have 
been from the analysis of substrates within marine sediment cores that respond to 
changes in pCO2. These include the boron isotopic composition (δ11B) of planktic 
foraminiferal calcite (Pearson and Palmer, 2000; Foster, 2008; Pearson et al., 2009) 
and the carbon isotopic composition (δ13C) of long-chained alkenones (Pagani et al., 
1999; Pagani et al., 2005; Pagani et al., 2011). Yet, while our understanding of 
atmospheric pCO2 variability has grown, the relative importance of parameters within 
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the geological carbon cycle, responsible for causing changes in pCO2, remain poorly 
understood.  
The majority of the 108 Gt of carbon present on Earth today arrived though meteorite 
bombardment prior to ~3.5 Ga (Schlesinger, 1995). This carbon is continually cycled 
between ocean, sediment, crustal, mantle, and atmospheric reservoirs (Figure 1-1; 
Urey, 1952). On multi-million year timescales, CO2 is added to the atmosphere 
through metamorphism and mantle degassing. This input is countered by removal of 
atmospheric CO2 during the weathering of silicate rocks (Figure 1-1; Equation 1-1) 
Carbon, fixed as HCO3- through weathering reactions, enters the ocean via rivers and 
is subsequently removed through calcification and burial in marine sediments 
(Equation 1-2), before it is finally returned to the mantle via subduction (Equation 
1-3). Weathering of carbonate rock (the reverse reaction of Equation 1-2) also 
removes CO2 from the atmosphere, however this carbon is generally returned to the 
atmosphere within 1 Myr via burial in marine sediments, so has little net effect on 
long-term pCO2 (Berner, 1991). It is therefore imbalances between the silicate 
weathering sink and the mantle degassing and metamorphism sources that ultimately 
lead to shifts in atmospheric pCO2. However, the relative forcing of these CO2 
sources and sinks for regulating atmospheric pCO2 is debated. 
 
 
Figure 1-1: The Geological Carbon Cycle modified from Schlesinger, (1995). Equation 1-1, 
draw down of atmospheric CO2 through silicate weathering; Equation 1-2, burial of 
carbonate in marine sediments; Equation 1-3, release of CO2 through volcanic and 
metamorphic decarbonation reactions. 
Mantle  
Degassing  
and  
Metamorphism 
Silicate  
Weathering 
Atmospheric 
CO2 
(Equation 1-1) 
(Equation 1-2) 
(Equation 1-3) 
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1.1.1 The BLAG hypothesis 
The “BLAG” model (Berner et al., 1983) was developed in an attempt to describe the 
roles of chemical weathering and seafloor spreading rates on levels of atmospheric 
pCO2 and mean surface temperatures over the last 100 Myr. The model considers 
ocean, atmosphere, carbonate and silicate reservoirs, and the fluxes of Mg, Ca, CO2 
and HCO3- between them (Figure 1-2). Chemical weathering is modelled as a 
function of continental land area, whereas release of CO2 via volcanism and 
metamorphic decarbonation is expressed as a function of seafloor spreading rate. 
Weathering of silicates is considered to increase with increasing temperature, 
providing an important negative feedback that counters runaway climate shifts 
(Walker et al., 1981). 
The BLAG model yields high atmospheric CO2 (up to 5x1018 moles) and high global 
temperatures during the Cretaceous (up to 28°C; c.f. modern 15.5°C), with a decline 
in both of these output parameters from the mid-Cretaceous to today (Figure 1-3). 
These warm, high pCO2, reconstructions for the Cretaceous world are consistent with 
independent proxy data (Tarduno et al., 1998; Schouten et al., 2003; Fletcher et al., 
2008). An important feature of this model is its high sensitivity to seafloor spreading 
rate. High pCO2 and high temperatures in the Cretaceous are mainly driven by the 
high spreading rates envisaged for that time period (Southam and Hay, 1977; Pitman, 
1978). 
 
Figure 1-2: Schematic description of the BLAG model by Berner et al., (1983). Present day 
reservoir sizes are given in 1018 mols and fluxes between them are in 1018 mols per Myr. 
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!
Figure 1-3: BLAG model results showing  the mass of atmospheric CO2 and global average 
temperature for the last 100 Myr. Lines depict different spreading rate scenarios: Red line, 
spreading rates from Pitman, (1978); orange line, spreading rates from Southam and Hay, 
(1977); green line, linear decrease in spreading rate from 120% of the present value at 100 
Ma, to the present value; blue line, constant spreading rate. 
1.1.2 The Raymo and Ruddiman ‘uplift’ hypothesis 
In the Raymo and Ruddiman model, the primary control on atmospheric pCO2 is 
continental weathering (Raymo et al., 1988; Raymo and Ruddiman, 1992), rather 
than spreading rate. In turn, the rate of continental weathering is considered to be 
strongly dependent on orogenic uplift, which exposes fresh, unweathered, silicate 
minerals to high-energy upland streams, and locally increases rainfall (Stallard and 
Edmond, 1983; Raymo et al., 1988). 
The model predicts increased continental weathering and consequently lower levels 
of pCO2 since the Pliocene, which is consistent with the marine records of δ13C, 
87Sr/86Sr, and calcite compensation depth (CCD) (Raymo et al., 1988). Importantly, 
high values of seawater 87Sr/86Sr at the time of the onset of northern hemisphere 
glaciations are attributed to increased continental weathering. Thus, in contrast with 
the predictions of the BLAG model, this model predicts that high levels of continental 
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weathering can occur during intervals of global cooling. A further key feature of the 
Raymo and Ruddiman model is that it attributes increases in the 87Sr/86Sr ratio of 
seawater, as recorded by marine carbonates, since ~40 Ma (Figure 1-4) to an increase 
in continental weathering flux due to uplift of the Himalayan-Tibetan plateau (Raymo 
and Ruddiman, 1992). In the absence of any changes in mantle degassing rates, this 
results in drawdown of atmospheric CO2, driving climate from ‘greenhouse’ to 
‘icehouse’ conditions (Raymo et al., 1988; Francois and Walker, 1992; Raymo and 
Ruddiman, 1992). 
!
Figure 1-4: Strontium and carbon isotope composition of seawater derived from analyses of 
marine carbonates (Updated after Raymo and Ruddiman 1992). Green line, benthic 
foraminiferal calcite δ13C data (Zachos et al., 2001), blue line, record of seawater 87Sr/86Sr 
(McArthur, 2004). 
Without a strong temperature-driven negative feedback on weathering in the Raymo 
and Ruddiman model, changes in burial efficiency of organic carbon in the oceans are 
proposed as an alternative negative feedback mechanism. This feedback operates as 
follows. Increased burial of organic matter results in the removal CO2 from the 
ocean-atmosphere system (cf. oceanic anoxic events; Arthur et al., 1988), whereas 
increased oxidation of organic carbon has the opposite effect. In the BLAG model, 
the organic carbon cycle is assumed to be in equilibrium over the long time scales 
modelled, but shifts in the δ13C composition of seawater indicate that changes in the 
rate of burial of organic carbon can occur, as shown in Figure 1-4. In this example, 
benthic δ13C has decreased by 3‰ since the early Miocene, which represents a 
decrease in the burial of organic carbon that has been linked to increased oxygenation 
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of the deep ocean (Shackleton, 1987; Zachos et al., 2001). Lower global temperatures 
and greater continental ice volume promote oxygenation of the deep sea respectively 
through greater oxygen solubility and a drop in eustatic sea level. Low organic carbon 
burial association with low pCO2 thus provides a negative feedback. 
1.1.3 Representation of the carbon cycle in state-of-the-art Earth system models 
There is now a strong drive to incorporate a carbon cycle component into unified 
Earth system models that include the atmosphere, ocean, sea-ice, marine sediments, 
land-surface, vegetation and soil and ice sheets (e.g. Goodwin et al., 2009). Latest 
models for the carbon cycle include “GEOCARB” (Berner, 1991; Berner, 1994; 
Berner and Kothavala, 2001; Berner, 2006), which incorporates the effects of 
orogenic uplift and the organic carbon cycle on atmospheric pCO2, as well as other 
parameters such as changes in solar radiation, land plant evolution and deepwater 
carbonate deposition (Berner, 1994; Berner and Kothavala, 2001). Additional 
feedback mechanisms are also being explored, including increased plant productivity 
under high pCO2, which in turn enhances the rate of continental weathering, reducing 
pCO2 (Berner, 1991). Despite all of these modelling efforts, the role of silicate 
weathering as driver, or a moderator, of levels of atmospheric pCO2 remains unclear. 
One way in which to address this is to obtain reliable proxy records of past silicate 
weathering rates during intervals of climate change. 
1.2 Silicate Weathering Proxies 
Qualitative assessment of changes in silicate weathering rates can be obtained from 
chemical analyses of the weathering products. Calcium, sodium and potassium are 
progressively removed from silicate minerals such as feldspar during weathering, so 
the proportion of aluminium phases to alkali phases, known as the chemical index of 
alteration (CIA; Equation 1-4), can be used as a measure of weathering intensity 
(Nesbitt and Young, 1982): 
     Equation 1-4 
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where CaO* is the amount of CaO incorporated into the silicate fraction of the rock. 
Fresh, unaltered feldspars generally have low CIA values (30 to 45), whereas more 
heavily altered rocks with a high proportion of secondary (clay) minerals have high 
CIA values (~70; Nesbitt and Young, 1982). While the CIA is a useful tool, it cannot 
be readily used to reconstruct weathering rates. This is because (i) detrital material 
delivered to the oceans represents an integrated weathering history for the catchment 
(Li and Yang, 2010), and (ii) because changes in the area of the drainage basin will 
occur over time, meaning that changes in lithology need to be taken into account 
(Bahlburg and Dobrzinski, 2011). While the CIA cannot be used exclusively for long-
term reconstruction of weathering rates, it can nonetheless be used as part of a multi-
proxy approach. Other potential proxies for silicate weathering include the strontium, 
lithium and neodymium isotope composition of seawater; these are discussed in turn 
below. 
1.2.1 Strontium isotope composition of seawater 
The modern ocean has a 87Sr/86Sr ratio of 0.70916, which represents the balance of 
inputs from continental weathering (~0.7119) and from high temperature 
hydrothermal fluids (~0.7035; Palmer and Edmond, 1989). The 87Sr/86Sr ratio of 
rivers is dependent on the proportion of Sr derived from weathering of silicates, and 
the proportion of Sr derived from carbonates. Carbonates typically have high [Sr2+] 
(up to 1000 ppm), but low 87Sr/86Sr, similar to that of seawater (0.706 to 0.709). 
Conversely, silicates have lower [Sr2+] with generally higher 87Sr/86Sr (Palmer and 
Edmond, 1992). For the majority of weathering regimes, riverine 87Sr/86Sr values are 
directly linked to silicate weathering rates. However, this relationship is not true for 
rivers that drain the Himalaya and Tibet, because carbonate rocks in the Lesser 
Himalaya have re-equilibrated with surrounding silicates. As more than 60% of the 
global riverine Sr flux (at the present day) is derived from weathering of these ancient 
carbonates, they presently account for a substantial component of the radiogenic Sr 
input to the oceans (Oliver et al., 2003). This brings into question the reliability of Sr 
isotopes as a proxy for silicate weathering and highlights the need for further, 
independent measures of silicate weathering (English et al., 2000). 
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1.2.2 Lithium isotopic composition of seawater 
Lithium is a conservative element in the ocean with a residence time (τ) of 
approximately 1 Myr (Delaney and Boyle, 1986). This means that seawater Li 
concentration ([Li]sw) and Li isotopic composition (δ7Lisw; δ7Li = 
[(7Li/6Lisample/7Li/6LiLSVEC)-1]×1000) are globally homogenous (respectively, 26 M 
and +31‰; Morozov, 1968; Tomascak, 2004). On timescales greater than τLi, [Li]sw 
and δ7Lisw are governed by the balance between lithium inputs (rivers and high 
temperature hydrothermal fluids) and sinks (low temperature alteration of basalts and 
removal into marine sediments; Figure 1-5). 
 
 
Figure 1-5: Sources and sinks of oceanic Li (Lisw). Estimated fluxes (x109 mol/yr) and 
isotopic compositions (‰) shown, respectively, in red and green; values from Hathorne and 
James (2006).  
Note that the δ7Lisw is higher than either of its sources; this is because Li isotopes are 
fractionated during removal via low temperature basalt/sediment reactions. The 
lighter isotope, 6Li, is preferentially removed, leaving seawater enriched in the 
heavier isotope, 7Li (Zhang et al., 1998).  
Although the δ7Li composition of the hydrothermal source is broadly constant (Chan 
et al., 1993), the δ7Li value of Li carried in solution by rivers (δ7LiRIVER) is not. In a 
study of some of the world’s major rivers (accounting for approximately 30% of total 
global riverine discharge), δ7LiRIVER values ranged from 6‰ to 32.2‰ (Huh et al., 
1998). There appears to be no relationship between δ7LiRIVER and basin lithology, 
implying that source rock composition is not a dominant control on fluvial δ7Li (Huh 
et al., 1998). Rather, the dissolved load almost always has higher δ7Li than the source 
Li
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rocks, because of preferential retention of 6Li in secondary mineral phases (Huh et al., 
2001). In the Andes of South America, the offset between the δ7Li values of the 
dissolved and particulate load of rivers is highest in tributaries draining high-altitude 
regions, where water-rock interactions are short (“reaction-limited”), superficial and 
incomplete (Figure 1-6; Huh et al., 2001). By contrast, rivers draining low-lying 
ancient cratons have lower δ7LiRIVER values that are similar to those of the parent 
rock, because water-rock interaction times are long (“transport-limited”) allowing 
more complete weathering.  
 
Figure 1-6: Lithium isotopic composition of major tributaries of the Orinoco River (Huh et 
al., 2001). Tie lines connect the dissolved (open symbols) and suspended loads (closed 
symbols) of individual samples. The three high-altitude Andean tributaries on the left of the 
plot are considered to represent reaction-limited regimes, whereas the four low-altitude, 
tropical cratonic tributaries of the Guyana Shield are transport-limited. 
Analyses of the δ7Li composition of the dissolved and suspended loads of other river 
systems confirm a relationship between δ7LiRIVER and silicate weathering intensity1 
(Kısakűrek et al., 2005; Vigier et al., 2009). Importantly, these studies also show that 
more than 90% of the lithium dissolved in rivers is derived from silicate rocks, even 
in carbonated dominated catchments (Kısakűrek et al., 2005). This implies that the 
δ7Li value of rivers, and also of seawater, is dominantly controlled by silicate 
weathering processes, thereby circumventing the carbonate weathering problems 
associated with the Sr isotope system. 
                                                
1 It is important to note that high weathering rates do not necessarily correspond to high weathering 
intensity; while weathering intensity may be low in areas of high-relief because reactions are unable to 
reach completion, the weathering rate or flux of weathered material is often high because of increased 
rock exposure and high orographic rainfall (Stallard and Edmond, 1983) 
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1.2.3 Neodymium isotopic composition of seawater 
The radioactive isotope 147Sm decays slowly (half-life = 1.06 x1011 years) to its stable 
daughter 143Nd, therefore the abundance of 143Nd relative to the stable, unradiogenic 
144Nd isotope (quoted in ε notation relative to the chrondritic uniform reservoir; 
CHUR; Equation 1-5; DePaolo and Wasserburg, 1976) in a rock is a function of the 
age of the rock, as well as the initial Sm/Nd ratio. Thus, young, mantle-derived rocks 
such as island-arc volcanics have characteristically high εNd values (up to +20) 
whereas ancient, continental rocks have relatively low εNd values (as low as -40; 
review by Frank, 2002). 
   Equation 1-5 
In contrast to light elements like lithium, the small relative mass difference between 
143Nd and 144Nd means that Nd is unaffected by isotope fractionation processes 
during continental weathering and the εNd value of river water reflects that of the 
source rock (Goldstein et al., 1984). While the Nd concentration of high temperature 
hydrothermal fluids is more than 500 times greater than that of seawater, all of this 
Nd is scavenged by Fe(oxyhydr)oxide particles close to the vent source; (Halliday et 
al., 1992), therefore rivers are the major source of Nd to the oceans, forcing εNd 
values of seawater towards that of the local source rocks. Thus, waters with relatively 
low (unradiogenic) εNd dominate the North Atlantic, whereas waters entering the 
Pacific have relatively high (radiogenic) εNd (Figure 1-7; Jeandel et al., 2007). 
Because the τNd in seawater is short (200 to 1000 years; Tachikawa et al., 1999) 
relative to the ocean mixing time (1500 years), different water masses maintain a 
distinct εNd. Thus present day North Atlantic Deep Water (NADW) has an εNd value 
of -13.5 (Piepgras and Wasserburg, 1987), whereas the bottom waters in the South 
Atlantic possess εNd values of between -7 and -9 (Figure 1-8; Piepgras and 
Wasserburg, 1982; von Blanckenburg, 1999). In this way, εNd is considered to be a 
quasi-conservative water-mass tracer. 
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Figure 1-7: Present day pattern of εNd on the continents and in the oceans. A. Continental 
margin distribution of εNd (Jeandel et al., 2007), B. modelled deep ocean εNd (800 to 1500 
m depth) and C. modelled surface ocean εNd (0 to 400 m depth) (Arsouze et al., 2007). 
Circles show εNd data compilation for comparison with model results (Lacan and Jeandel, 
2005). 
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Fig. 3. Global εNd map averaged between 800 and 5000 m for simulations a), b), c) and d), i.e. for τ=1 year, 10 years, 50 years and τ varying vertically respectively (cf. Table 1). Superimposed to these
maps are filled circles with the same color scheme for the εNd data from the compilation done by Lacan and Jeandel (2005b) averaged between the same depths. The color scale is non-linear.
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Figure 1-8: North-South transect of the western Atlantic Ocean showing εNd of seawater for 
various sites after von Blanckenburg, (1999). Shaded areas show different water masses, 
North Atlantic Deep Water (NADW), Antarctic Intermediate Water (AAIW), and Antarctic 
Bottom Water (AABW). The ancient continental provenance of NADW Nd gives a low εNd 
value of -13.5 marked by the blacked line on each scale bar. Note that the εNd of waters 
influenced by NADW approaches -13.5. 
 
1.3 Oligocene Climate 
Predictions by the Intergovernmental Panel on Climate Change suggest that by the 
end of the 21st century Earth’s climate will be subjected to greenhouse forcing by a 
level of atmospheric pCO2 not experienced for the last 25 Myr (Figure 1-9; 
Intergovernmental Panel on Climate Change, 2007; Pagani et al., 2005; Zachos et al., 
2008). Therefore, to better understand climate dynamics in a high pCO2 world, there 
is a pressing need to study climatic excursions and rhythms during the Oligocene. 
Syntheses of global benthic foraminiferal δ18O records for the Cenozoic (Miller et al., 
1987a; Zachos et al., 2001; also see Figure 1-9 B) reveal eight major oxygen isotope 
excursions during the Oligocene and Miocene, named Oi-1, Oi-2, and Mi-1 to Mi-6 
(Miller et al., 1991). These excursions are characterized by increases in δ18O by at 
least 1‰, attributed to rapid ice growth and/or deep water cooling. The most 
prominent excursions (of >1.5‰) bracket the Oligocene and are commonly referred 
to as the Oi-1 (~ 34 Ma) and Mi-1 (~23 Ma) events (Figure 1-10 A). However, the 
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increasing resolution of Oligocene and Miocene palaeoclimatic records, enabling 
discovery of further excursions in the δ18O record (e.g. “Mi-1a” at ~21 Ma; Paul et 
al., 2000; Wright and Miller, 1992), has prompted a recent update of this 
nomenclature (Wade and Pälike, 2004). These later authors use the strong 405 kyr 
eccentricity cycle within the benthic stable isotope records across the Oliocene as a 
basis for numbering the δ18O excursion events. Each excursion is assigned a number 
that denotes the closest eccentrity minimum; this is supplemented by a suffix 
denoting the geological epoch, and the name of the closest magnetochron. In this 
scheme, the Oi-1 event is identified as 84Eo-C13n and the Mi-1 event corresponds to 
58Ol-C6Cn (Figure 1-10 D). 
 
 
 
Figure 1-9: Comparison of the predicted rise in atmospheric pCO2 from the fourth 
assessment report of the IPCC (Intergovernmental Panel on Climate Change, 2007) with 
Cenozoic reconstructions of palaeo-CO2 (Zachos et al., 2008, and references therein). 
Dashed red lines in panel A. show maximum (A1F1) and minimum (B1) pCO2 predictions 
and the average of all scenarios is shown by the solid red line. Horizontal black dashed line 
shows the predicted pCO2 for year 2100. High benthic foraminiferal δ18O values (solid 
black line; Zachos et al., 2008) show intervals of cooling and/or continental ice sheet 
growth such as the Oi-1 and Mi-1 glaciations.  
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a major extinction of benthic foraminiferans, with widespread oxygen 
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the microbial decomposition of organic carbon, both functioning as 
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Figure 1-10: “The Heartbeat of the Oligocene” from ODP Site 1218 after Palike et al., 
(2006b). (A) Benthic foraminiferal δ18O with adjustment to seawater equilibrium 
(+0.64‰). Positive excursions (including the Oi-1 and Mi-1 events) coincide with obliquity 
nodes in the ~1.2 Myr obliquity cycle (B) and are shown by grey ovals. (C) Short 
eccentricity cycle (110 kyr; black line) and eccentricity amplitude modulation highlighting 
the ~2.4 Myr cycle. Gaussian band-pass filter of 110 kyr cycle from stable isotope data 
shown as blue line (δ18O) and green line (δ13C). (D) Long eccentricity cycle (405 kyr; black 
line) and Gaussian band-pass filter from stable isotope records. Also shown is the new 405 
kyr cycle number nomenclature for positive δ18O excursions (Wade and Pälike, 2004). (E) 
Benthic foraminiferal δ13C showing the positive δ13C excursions associated with the Oi-1 
and Mi-1 events. (F) Calculated mix of combined orbital parameters eccentricity, obliquity 
(tilt), and precession. (G) Total mass accumulation rate (black) and carbonate mass 
accumulation rate (blue). (H) Measured (blue) and calculated (red) down core % CaCO3. (I) 
Astronomically calibrated age and magnetochronology. 
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1.3.1 The Oi-1 event 
The first of these climate perturbations, the Oi-1 event, coincides with the Eocene-
Oligocene boundary and represents a major shift in Cenozoic climate from the warm, 
ice-free, Palaeogene to the colder ice-house world of the Neogene and the 
emplacement of perennial ice sheets on Antarctica (Miller et al., 1987; Lear et al., 
2000; Zachos et al., 2001). High-resolution benthic stable isotope records from 
equatorial Pacific sediments measured by Coxall et al., (2005) show that the cooling 
and continental ice growth at this epoch boundary occurred in a stepwise fashion with 
the positive δ18O excursion occurring in two rapid (40 kyr) steps separated by a 200 
kyr interval of relative stability (Figure 1-10 A). Simultaneous increases in benthic 
foraminiferal δ13C (Figure 1-10 E) and >1 km deepening of the CCD (Figure 1-10 H; 
Figure 1-11; Pälike et al., 2009) also occur in this step-like pattern and suggest 
contemporaneous perturbation of the global carbon-cycle (Coxall et al., 2005). 
Ocean-atmosphere coupled general circulation model (GCM) results (DeConto and 
Pollard, 2003; DeConto et al., 2008) and boron isotope reconstruction of pCO2 
(Pearson et al., 2009; Pagani et al., 2011) support a change in global carbon cycling 
and suggest that the Oi-1 glaciation was a threshold response to long term tectonic or 
oceanographic draw down of atmospheric pCO2 since the mid-Eocene. In this 
connection, the Oi-1 event coincides with a favourable orbital configuration (low-
amplitude obliquity in the ~1.2 Myr cycle and a minimum in the ~2.4 Myr 
eccentricity cycle; Figure 1-10 B and C) that facilitates cool summer conditions at 
high latitudes, which are required to sustain perennial ice sheets on Antarctica. 
Benthic foraminiferal δ18O values remain approximately 1‰ higher than pre-
excursion values throughout the Oligocene, suggesting that continental ice persisted 
on Antarctica long after the Oi-1 event. These lasting glacial conditions are a result of 
ice hysteresis (Pollard and DeConto, 2005) following the climate shift, which caused 
deep water δ13C and the CCD to recover slowly (> 1 Myr Pälike et al., 2006b). 
 
 
Introduction 18 
 
 
 
Figure 1-11: Carbonate mass accumulation rates for palaeo-water-depths from IODP and 
ODP deep sea sediment cores after Pälike et al., (2009; 2012). The red line represents the 
updated depth of the CCD during the Cenozoic (Palike et al., 2012). Significant carbonate 
accumulation and dissolution events are marked with arrows. Note the marked increase in 
%CaCO3 and carbonate accumulation rate at deep sites such as Site 1220 (and persistence 
for >5 Myr) at the Oi-1 event. No such change in carbonate preservation is associated with 
the Mi-1.  
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1.3.2 The Mi-1 event 
Similar to the Oi-1 event, the Mi-1 excursion in benthic foraminiferal δ18O and δ13C 
coincide with an interval of low obliquity and an eccentricity minimum (Figure 1-10 
B and C). The magnitude of the δ18O excursion suggests a large change in continental 
ice volume, from around half, up to near present day Antarctic ice volumes (Liebrand 
et al., 2011), in conjunction with deep sea cooling of around 3C (Paul et al., 2000; 
Billups and Schrag, 2002; Lear et al., 2004). However, unlike the stepwise, 
permanent, climatic shift at the Oi-1, the Mi-1 event represents a more linear, 
transient (200 kyr), glaciation followed by a return of benthic foraminiferal δ18O to 
near pre-excursion values after only 300 kyr (Figure 1-10 A). The impact of the high 
latitude continental ice sheet growth during this interval is considered far reaching, 
with contemporaneous Caribbean coral extinctions (Edinger and Risk, 1994) linked 
to large-scale reorganisation of ocean circulation patterns between the Atlantic and 
Pacific Oceans (von der Heydt and Dijkstra, 2005; von der Heydt and Dijkstra, 2006).  
While the consequences of the Mi-1 are well documented, the cause of this glaciation 
is debated. A reduction in atmospheric pCO2 induced by increased burial of organic 
carbon is invoked as a potential cause of this glaciation (Paul et al., 2000). It is 
argued that increased latitudinal thermal gradients during this interval of global 
cooling stimulated ocean circulation with more vigorous upwelling of nutrients from 
the deep ocean, which in turn increased surface water productivity and export of 
organic carbon. This would imply increased removal of 12C from the oceans that is 
consistent with the nearly 1‰ positive shift in deep water δ13C; however, widespread 
organic-rich deposits pertaining to this time interval remain elusive. To investigate 
the cause of this glaciation further, the relative timing of ice growth and deep sea 
cooling across the O/M boundary is assessed by Lear et al. (2004) through 
comparison of benthic foraminifera δ18O and Mg/Ca data from the equatorial Pacific 
Ocean (Figure 1-12). The strong temperature dependence of Mg incorporation into 
foraminiferal calcite (Lear et al., 2002) is used to construct an independent 
temperature record that shows the Mi-1 δ18O maximum was preceded by 
Introduction 20 
approximately 200 kyr of deep water cooling (from 5 to 2˚C) that likely triggered ice 
sheet expansion. However, the inception of ice sheet growth is promptly followed by 
a rapid 3C increase in bottom water temperatures between 23.1 and 23.0 Ma during 
peak glacial conditions. This surprising rise in temperature is thought to be a result of 
an increase in pCO2 as global continental weathering rates reduced because of 
blanketing of bedrock with ice on Antarctica (Lear et al., 2004). This climate-
weathering relationship is supported by measurements of Ross Sea drill-core samples 
that show a CIA minima across the O/M interval that suggests (at least qualitatively) 
a decrease in weathering during peak cooling (Passchier and Krissek, 2008). If 
correct, the implications of this hypothesis are that global silicate weathering rates, on 
these million to sub-million year time scales, are governed by climate change, 
supporting a negative temperature feedback. To better test this idea, a detailed 
reconstruction of global silicate weathering rates is required across the O/M interval. 
 
 
Figure 1-12: Timing of ice volume increase and deep water cooling during the Mi-1 event 
after Lear et al., (2004). Benthic foraminiferal δ18O (blue) and Mg/Ca (red) for Oridorsalis 
umbonatus from ODP Site 1218. Mg-temperature scale calculated using O. umbonatus 
calibration from Lear et al. (2002) using modern values of seawater Mg/Ca. Vertical grey 
bar highlights the Mi-1 event.  
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1.4 Thesis outline 
In this study, ancient planktic foraminiferal calcite have been recovered from deep 
sea core material that spans the O/M boundary and used, via the analysis of their trace 
element and Li and Nd isotope compositions, to reconstruct the local and global 
changes in silicate weathering. Core material recovered from ODP Leg 154, Sites 925 
and 926, located on Ceara Rise, western equatorial Atlantic (Figure 1-13; 4°12.249'N, 
43°29.334'W), was chosen for this study for a number of reasons: 1) Spliced core 
material from Site 926 give a continuous record (near 100% core recovery; Shipboard 
Scientific Party, 1995b) that stretches back to the Eocene, 2)  The O/M interval of 
Site 926 is well dated using both biostratigraphic (Pearson and Chaisson, 1997) and 
astronomically tuned (Pälike et al., 2006a) age models, 3) High sedimentation rates 
(for an oligotrophic site; 26.2 m/Myr at Site 926 across the O/M interval) and 
minimal bioturbation allow high-resolution palaeoceanographic records to be 
generated, 4) Both sites are above the CCD today (modern water depth Site 925 = 
3042.2 m, Site 926 = 3598.3 m) and were so in the Oligocene (<100 m change water 
depth based on thermal subsidence model; Flower et al., 1997) and therefore 
abundant planktic foraminifera are preserved in the carbonate oozes (60 to 80% 
CaCO3) that have accumulated at this tropical site, 5) This location in the western 
equatorial Atlantic has remained oligotrophic from the Eocene to the present and is 
therefore free from the complications associated with generating palaeoceanographic 
records in upwelling regions, 6) The Ceara Rise is ideally located for weathering 
studies, being influenced by both global oceanographic changes and local weathering 
flux from the Amazon River. 
In detail, this study is divided into three main lines of investigation that collectively 
explore the links between climate change and silicate weathering across the O/M 
interval. Firstly, the suitability of the planktic foraminifera species 
“Dentoglobigerina” venezuelana as a substrate for generating palaeoceanographic 
silicate weathering records is assessed through reconstruction of its palaeoecology, 
ontology, and morphotypic variability across the interval of study. This study 
provides crucial insight into the depth conditions in which this biogenic calcite was 
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formed and allows geochemical records that utilise this substrate to be interpreted 
with greater confidence. Secondly, high-resolution, down-core, trace element/ 
calcium ratios of planktic foraminiferal calcite have been determined to examine 
oceanographic changes associated with the Mi-1 glaciation at Ceara Rise. These data 
provide information as to surface water temperature, productivity, carbonate ion 
saturation state, and continental weathering fluxes. Finally, down-core δ7Li and εNd 
are measured in planktic foraminifera (supplemented by fish tooth εNd data) to 
explore the potential changes in both global and local silicate weathering processes 
during the Mi-1 glaciation. 
 
 
 
Figure 1-13: Location and bathymetric map of ODP Leg 154, Ceara Rise, in the western 
equatorial Atlantic Ocean. Insert shows detailed bathymetry from ODP Leg 154 
preliminary reports (Shipboard Scientific Party, 1995a). Study sites 925 and 926 are shown 
in red.  
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Figure 1. Location of Ocean Drilling Program (ODP) Leg 154 study area on
the Ceara Rise in the Atlantic Ocean showing its position with respect to the
South American coast and the Amazon Fan. The Amazon Fan is the study area
for ODP Leg 155. Closed symbols locate the five primary and two alternate
sites for Leg 154. Bathymetry in meters.
east and east by the Ceara Abyssal Plain and on the north, west, and
southwest by the Amazon Fan. The Amazon Fan deposits are flat lying
and lap onto the downfaulted base of the western side at about 4100 m
water depth. Seismic reflection profiles in this area demonstrate that
much of the rise on the southwest side is covered by fan deposits (see
Mountain and Curry, this volume). The abyssal plain to the northeast
is deeper (4500^1 700 m) and exhibits topographic features and sur 
face roughness that may be associated with strong bottom currents
(Damuth, 1977).
Oceanographic Setting: Deep Water
Because of westward intensification of deep water circulation, the
western basin of the Atlantic is the principal conduit for the flow of
northern and southern sources of deep water. Today, these water
masses meet and mix in a broad zone that extends from the South
Atlantic to the equatorial region of the North Atlantic. The present
mixing zone between northern source deep water (NADW) and south 
ern source deep water (AABW) in the Ceara Rise region is between
4000 and 4500 m (Fig. 4). Today, this depth marks a steep gradient in
42°
Figure 2. Location of the five coring and drilling sites on the Ceara Rise that
constitute Leg 154. See Figure 1 for general location. Bathymetry in meters
based on site survey results (Ew9209 Hydrosweep center beam).
deep water chemistry that controls the dissolution of calcium carbon 
ate in the western basin. The position of this mixing zone also affects
the chemistry of deep water in the eastern Atlantic because it is deep
water from the western basins that ventilates the eastern basins. Deep
water in the eastern basins originates in the western basins and flows
eastward through low latitude fracture zones. Flow across two frac 
ture zones provides most of the deep water to the eastern basins: the
Romanche Fracture Zone at the equator (Metcalf et al., 1964) and the
Vema Fracture Zone at about 10°N (McCartney et al., 1991; McCart 
ney and Curry, 1993). The sill depths for these fracture zones are close
to 4000 m (also the approximate depth of the mixing zone), so small
changes in the relative intensity of northern  and southern source
deep waters can have a large effect on the initial chemical composi 
tion of deep water that enters the eastern basins and on the preserva 
tion of calcium carbonate in the eastern Atlantic.
The present mixing zone between NADW and AABW is mostly
below the sill depth of the fracture zones, so the deep water entering
and filling the eastern Atlantic below 3750 m is a mixture of 80%
NADW and 20% AABW. Because it is dominated by NADW, the
eastern deep water is warmer, saltier, and less corrosive to carbonate
than deep water at the same depths in the western Atlantic (Fig. 4).
Small changes in the depth of the mixing zone in the western basin,
however, would produce large changes in the chemical and physical
properties of the deep water in the eastern Atlantic. Mixing between
NADW and AABW today also affects the initial chemical and physi 
cal composition of the deep water that enters the Indian and Pacific
oceans. Studies have shown that the relative proportion of northern 
source deep water decreased during the last glaciation, resulting in a
lower !
13
C in Southern Ocean deep water (Oppo and Fairbanks,
1987; Curry et al., 1988; Charles and Fairbanks, 1992) and a greater
proportion of southern source water at the Ceara Rise. As a result, the
!
13
C composition of the deep water that entered the fracture zones to
the eastern Atlantic was lowered at that time. The Ceara Rise, located
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2 Methodology 
2.1 Core sample selection 
ODP core samples were selected between 470.60 and 534.55 metres below sea floor 
(mbsf) from Hole 925A and between 428.02 and 496.51 mbsf from Hole 926B. These 
sampling intervals equate to approximately 3 Myr of sedimentation spanning the O/M 
boundary (~23 Ma) at each site (Pearson and Chaisson, 1997; Pälike et al., 2006). 
Two sample requests were logged with the IODP (Integrated Ocean Drilling 
Program) Bremen Core Repository; request number 21240A (November 2006 by R. 
H. James) and 21240B (August 2010 by J. A. Stewart). High resolution (up to every 
20 cm close to the O/M boundary), 30 cm3 core sections were taken for the purposes 
of trace element analysis, and samples of higher volume (150 cm3), but lower 
resolution (on average every 4 m down core), were obtained for the isotopic analysis 
of trace elements (Figure 2-1). 
Samples from Site 926 were selected for the production of down core records owing 
to the near complete core recovery and near constant sedimentation rate at this site, 
whereas samples from Site 925 were reserved for method development and studies 
where high temporal resolution was not required. Core photos (Figure 2-1) show that 
both the light and dark coloured layers in the core were sampled. The darkest layers 
are characterised by a low (<50) l* index of colour reflectance, low percentage 
CaCO3 (<50%) and high magnetic susceptibility (>6), and they correspond to 
intervals of global glacial expansion (Shipboard Scientific Party, 1995). 
To assess the reproducibility of elemental and isotopic analyses in this study, a large, 
core-top sediment sample was supplied by BOSCORF from the North Atlantic (35 
ºN; core CD 166/38). This sample was selected for its abundance of large, thick-
walled species of planktic foraminifera. Approximately 120 mg of CaCO3 was picked 
of each of the left-coiling (LC) and right-coiling (RC) forms of Gr. truncatulinoides 
from this sample. These two samples were cleaned in small batches (see Section 
2.4.1) and re-combined to give two, so-called ‘LC’ and ‘RC’ consistency standards. 
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Figure 2-1: Hole 926B core depth vs. age. Astronomically tuned age model is from Pälike 
et al., (2006), and gives sedimentation rate of 26 m/Myr. Red crosses are samples taken for 
trace element analysis, blue diamonds are samples taken for Li and Nd isotopic analysis. 
Core photos on the left (http://iodp.tamu.edu/janusweb/imaging/photo.shtml) show episodic 
dark bands that depict low percentage carbonate (<50%) during glacial intervals. The 
numbers on the right refer to the core section (46-53). 
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2.2 Sediment washing 
Sediment samples were first gently broken up to increase their surface area and then 
dried in an oven at 50°C for 3 to 4 days. The sediments were then gently 
disaggregated in deionised water using a shaker table for approximately 2 hours 
before washing with pressurised deionised water over a 63 µm sieve to remove fine 
fractions. The majority of the samples were highly lithified, which lead to substantial 
washing times (up to 1 hour), even for small core samples (30 cm3). Two alternative 
washing techniques were tested in an attempt to increase sample throughput, 
including disaggregation in a buffered (pH 10) 1000 ppm sodium hexametaphosphate 
(calgon) solution, and brief ultrasonication prior to washing. Neither of these 
additional steps yielded any significant reduction in washing time, therefore these 
cleaning methods were rejected to preserve both the primary chemistry and the 
structural integrity of foraminifera in the samples. 
 
2.3 Scanning electron microscope (SEM) imaging of foraminifera 
Type specimens of foraminiferal species were imaged to document the morphotypic 
characteristics used for identification and picking. These specimens were briefly 
ultrasonicated in deionised water to detach any adhering detritus before being secured 
to a pin stub mount using an adhesive patch and dried for approximately 1 hour at 
50°C to remove residual water. The SEM stub was gold plated twice at 45° tilts using 
a Hummer VI A sputter coater. Each coating was applied at opposing angles for 8 
minutes using pulse mode at 7 kV and 10 mA to yield an overall coating 
approximately 20 nm thick. Specimens were then imaged in secondary electron mode 
on the Leo 1450-VP SEM using the parameters given in Table 2-1. Charge is unable 
to dissipate from samples subjected to electron bombardment if gold plating coverage 
is insufficient. Therefore, if samples became “charged” during imagining a further 
gold coating was applied at an angle orthogonal to that of preliminary coatings. 
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Table 2-1: SEM settings for imaging foraminifera  
Parameter Setting 
Working distance 28 mm 
EHT (Extra high tension) 1000 V 
Filament current 2.43 A 
Magnification 600 
Scan speed 10 
 
2.4 Cleaning of foraminifera 
2.4.1 Reductive and oxidative cleaning 
The cleaning procedure adopted in this study is based on procedures developed and 
tested by: Boyle and Keigwin, (1985); Hathorne, (2004); Rosenthal et al., (1997); 
Rosenthal et al., (1999). Picked foraminiferal tests were first crushed between two 
clean microscope slides so that all chambers were gently opened. Smaller samples (1 
mg of foraminiferal calcite) were added to acid-cleaned, 1.5 ml microcentrifuge 
tubes, whereas larger samples (up to 20 mg) were added to 12 ml PTFE tubes. 
Adhering clay particles were removed by ultrasonication in deionised water and 
methanol. Samples were then subject to first reductive and then oxidative cleaning to 
remove ferromanganese (oxyhydr)oxide coatings and organic matter, respectively. 
For reductive cleaning, 100 µl of a freshly prepared reductive reagent (which 
consisted of 250 µl of hydrazine hydrate, 2 ml of a citric acid/ammonia solution, and 
2 ml 30% ammonia solution) was added to the microcentrifuge tubes. The tubes were 
placed in a clamped rack, in a hot water bath (~70°C) for 30 minutes and were 
ultrasonicated every 2 minutes for 10 seconds. The leachate was removed before 
thorough rinsing of test fragments in deionised water and sample transfer to a clean 
microcentrifuge tube. 250 µl of a freshly-prepared oxidative reagent ( 50 µl of ~30% 
H2O2 and 15 ml of 0.1 M NaOH) was added to each tube, and the tubes were placed 
in the hot water bath for 10 minutes. The leachate was then removed and test 
fragments rinsed before a final weak acid leach (0.001 M HNO3) to remove any re-
absorbed ions. The Ca content of each sample was determined after cleaning (Section 
2.7.1): on average, 35% of sample was lost during the cleaning procedure, similar to 
other studies (e.g. Barker et al., 2003). 
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2.4.2 Origin of high Mn in ancient foraminiferal calcite 
The Mn/Ca ratio of cleaned core-top ‘consistency’ standards LC and RC was low 
(12-16 µmol/mol), and well below values considered indicative of effective removal 
of ferromanganese (oxyhydr)oxide coatings (Vance and Burton, 1999; Martínez-Botí 
et al., 2009), however the Mn/Ca ratio of ‘cleaned’ ancient foraminifera from ODP 
Leg 154 samples was much higher (up to 700 µmol/mol). 
To assess the efficacy of removal of contaminant phases for ancient foraminifera, 
samples of mixed planktic foraminifera from Hole 926B (434.7 mbsf) were subject 
to: (i) clay removal only, (ii) the full cleaning procedure outlined in Section 2.4.1, and 
(iii) the full cleaning procedure followed by a second reductive cleaning step. These 
tests revealed that the second reductive cleaning step did not significantly reduce 
foraminiferal Mn/Ca values (Figure 2-2). Furthermore, the first reductive cleaning 
step only reduced Mn/Ca by ~50 µmol/mol.  
 
Figure 2-2: Effect of cleaning on foraminiferal Mn/Ca. Methods tested were: (i) clay 
removal only, (ii) full cleaning with one reductive cleaning step, and (iii) full cleaning with 
two reductive cleaning steps. Mn/Ca values of core-top consistency standards LC and RC 
are shown for comparison by the open symbols. Threshold value for ‘clean’ foraminifera 
Vance and Burton, (1999) is shown by the dashed black line. 
In further efforts to reduce the Mn/Ca ratio of ancient foraminifera, more vigorous 
reductive cleaning was conducted. A second set of ancient mixed planktic 
foraminiferal samples was cleaned using (i) clay removal only, (ii) reductive cleaning 
at 50°C, (iii) reductive cleaning at 70°C, (iv) reductive cleaning at 90°C, (v) reductive 
cleaning at 90°C with double the volume of reagent (200 µl per mg of calcite), and 
(vi) reductive cleaning at 90°C with double the volume of reagent for double the 
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reaction time (60 minutes). Figure 2-3 shows that increasing the temperature by 20°C 
reduced Mn/Ca by ~100 µmol/mol, whereas doubling the reagent volume and 
doubling the reaction time had little effect on Mn/Ca. Importantly, Mn/Ca values 
never reached the 100 µmol/mol threshold, and cleaning at higher temperatures 
greatly increased the amount of sample loss (Figure 2-3 B).  
Thus, it was concluded that the high Mn/Ca values of ancient tests were most 
probably caused by Mn carbonate overgrowths, which cannot be removed by 
reductive cleaning (Boyle, 1983). Attempts to identify a Mn-carbonate phase, using 
Fourier transform infra-red spectroscopy and SEM techniques (Sections 2.4.2.1 and 
2.4.2.2), proved inconclusive. However, since mass balance calculations indicate that 
the most extreme degree of overgrowth must be <0.1%, this is not surprising. While 
the presence of small amounts of overgrowth will pose little problem for isotopic 
analyses (Boyle, 1983), it may affect trace element concentrations, so Mn/Ca of 
‘clean’ tests was measured for every sample.  
 
Figure 2-3: Temperature, reagent volume, and reaction time for reductive cleaning on 
Mn/Ca. Panel A. Mn/Ca measured in mixed planktic foraminiferal samples (solid red 
squares) after clay removal only (grey bar), full cleaning with reductive cleaning at 50°C 
(yellow bar), reductive cleaning at 70°C (orange bar), reductive cleaning at 90°C (red bar), 
reductive step cleaning at 90°C with double the reagent volume (dark red bar), reductive 
cleaning at 90°C with double the reagent volume and reaction time (dark red bar). Panel B. 
Percentage loss during cleaning. Core-top consistency standards LC and RC are shown for 
comparison by the open symbols. 
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2.4.2.1 Fourier transform infra-red (FTIR) spectroscopy 
Three mixed planktic foraminiferal calcite samples from Hole 926B (434.7 mbsf) 
were analysed on the Nicolet Protégé 460 FTIR spectrometer following (i) no 
cleaning, (ii) clay removal only, and (iii) reductive cleaning at 70°C to assess the 
change in mineral composition after each cleaning step (Figure 2-4). After cleaning, 
samples were dried for one hour at 50°C before a small amount of each sample (200 
µg) was crushed and mixed with approximately 0.5 g of powdered potassium 
bromide using a pestle and mortar. The homogenised powder was then compressed 
using a hydraulic clamp (up to 2.5 tons) to yield a thin, transparent, 7 mm diameter 
disk. Before loading of the sample into the instrument a background spectral was 
recorded that was subsequently subtracted from all sample spectra. 
Clay mineral peaks on the limbs of the 1420 peak clearly disappear after clay removal 
(Figure 2-4 A), to give spectra that are similar to “pure” calcite. The spectrum of the 
reductively cleaned sample was similar to the clay-cleaned sample (Figure 2-4 B). 
However, neither of these spectra show peaks associated with MnCO3 
(rhodochrosite) (Figure 2-4 C) or ferromanganese material (Figure 2-4 D). This is 
most likely because the quantity of either of these two phases was too low to be 
resolved by FTIR (estimated contamination of MnCO3 of between 0.1 and 0.05% by 
mass). 
 
 
Figure 2-4: FTIR spectra of cleaned planktic foraminifera. Panel A. Absorption spectra of 
uncleaned planktic foraminiferal calcite (pink) compared to planktic foraminiferal calcite 
after clay removal (light blue) and “pure” calcite standard (dark blue). Panel B. Planktic 
foraminifera after clay removal compared to reductively cleaned planktic foraminifera 
(purple), Panel C. Reductively cleaned planktic foraminifera compared to pure 
rhodochrosite (MnCO3; green), Panel D. Reductively cleaned planktic foraminifera 
compared to a ferromanganese nodule (brown). Diagnostic peaks of pure calcite (1420, 
875, and 712 cm-1) and pure rhodochrosite (1413, 865, and 726 cm-1) are labelled for 
reference.  
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2.4.2.2 SEM analysis of mineral composition 
SEM analysis was also used to try to identify Mn-rich mineral phases. To this end, 
sub-samples of the three ancient foraminiferal samples used for FTIR analysis along 
with an additional sample that had been reductively cleaned at 90°C were coated with 
graphite and analysed by backscatter electron imaging and energy dispersive 
spectroscopy using the Leo 1450-VP SEM.  
The EDS spectrum of pure calcite is shown in Figure 2-5 Plot 1. Within uncleaned 
foraminiferal calcite samples, contaminant phases were mainly clay minerals, which 
can be identified by Al and Si peaks in EDS (Figure 2-5 Plot 2), with infrequent 
grains of barite (peaks in Ba and S; Figure 2-5 Plot 3), and pyrite (peaks in Fe and S; 
Figure 2-5 Plot 5). The Al and Si peaks disappear from samples that have been 
subject to clay removal, and only pyrite contaminant phases were observed after this 
stage of cleaning. Calcite rhombohedra were observed on the inside of some tests and 
are likely a result of recrystallisation (Figure 2-5 Plot 4). Contaminant phases were 
scarce in reductively cleaned samples, with only infrequent iron oxide minerals 
present (peaks in Fe and O; Figure 2-5 Plot 7 & 8). However, SEM analyses did not 
detect minerals with high Mn in any of the ancient foraminiferal samples, including 
those that were not cleaned.  
 
 
 
Figure 2-5: Energy Dispersive Spectra (EDS) of minerals within foraminifera. 
Foraminiferal samples were (i) uncleaned, (ii) clay removal, or (iii) reductively cleaned. 
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2.5 Separation of Li and Nd from foraminiferal calcite 
2.5.1 Laboratory conditions and chemical reagents 
All foraminiferal samples were prepared in an over-pressured clean laboratory (Class 
100) at the National Oceanography Centre (NOC). PTFE (Savillex) columns and 
vials were cleaned in 50% HNO3 at 70 ºC overnight. Acids were thermally-distilled 
in Teflon stills, and regularly checked for purity. More dilute acids were prepared 
from the Teflon-distilled acids by dilution with >18.2 MΩ (Milli-Q) water, and 
standardised by titration against NaOH. 
2.5.2 Ion exchange chromatography 
2.5.2.1 Separation of Li 
Acid cleaned PTFE columns (6 mm in diameter, 30 ml reservoir, PTFE frit) were 
loaded with pre-cleaned AG50W-X12 (Bio-Rad™) cation exchange resin (James and 
Palmer, 2000), to a height of 8.5 cm in 0.2 M HCl. Cleaned foraminiferal samples 
were re-dissolved in ~200 µl of 0.2 M HCl  and gently loaded onto the columns. The 
sample was washed-in with 2 × 500 µl aliquots of 0.2 M HCl, then 19 ml of 0.2 M 
HCl was passed through the column and discarded. The Li fraction was then eluted in 
19 ml of 0.2 M HCl, and collected in a 30 ml Savillex vial. The major ions (Na, Mg, 
Mn, Ca and Sr) were then eluted in 16 ml of 4 M HCl and discarded. Finally, the 
REEs (and some Sr) were eluted with 20 ml of 6 M HCl and collected in a second 
PTFE vial. Columns were calibrated using 3 mg of cleaned foraminiferal calcite; 
details of the calibration are shown in the top panel of Figure 2-6. The Li and REE 
fractions were then dried-down and stored prior to analysis (Li) or further processing 
(REEs). After use, the resin was cleaned with 15 ml of 6 M HCl, followed by 6 ml of 
Milli-Q water. 
2.5.2.2 Separation of Nd  
Nd was separated from other REEs (and residual Sr) using a second ion exchange 
column (PTFE construction, 4 mm diameter, 7 ml reservoir). The columns were 
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loaded with pre-cleaned Eichron Ln spec resin (50-100 µm particle size) to a height 
of 5 cm in 0.18 M HCl. The REE fraction collected from the Li columns was re-
dissolved in 250 µl of 0.18 M HCl acid and gently loaded onto the top of the resin 
bed. Sr and most of the Ce were eluted with the first 8 ml of 0.18 M HCl passed 
through the column. The Nd was collected in the following 7 ml of 0.18 M HCl, 
before the rest of the REEs were eluted in ~4 ml of 6 M HCl and discarded. Columns 
were calibrated using 3 mg of cleaned foraminiferal calcite; details of this Eichron Ln 
spec column calibration are shown in the bottom panel of Figure 2-6. The Nd fraction 
was dried-down before storage. After use, the resin was cleaned with 6 ml of 6 M 
HCl, followed by 0.5 ml of 0.18 M HCl. 
 
Figure 2-6: Elution of trace elements from: A. Li columns and B. Nd columns. 
Concentrations are reported as the number of counts per second normalised to the 
maximum number of counts per second for that element. The solid blue and pink lines 
show Li and Nd, respectively. The dashed lines show all other elements.  
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The total procedural blank from both columns was assessed by addition of 200 µl of 
0.2 M HCl to the Li column. This blank was always less than 8 pg of Li and 25 pg of 
Nd, which is respectively <0.07% and <0.05% of the sample size. The overall effect 
of this on the measured Li and Nd isotope ratios is negligible (< ±0.004‰ on δ7Li). 
2.6 Oxygen and carbon stable isotopes  
For analysis of the stable isotopes of the major elements, oxygen (δ18O) and carbon 
(δ13C), full cleaning is not required. Rather, 200 µg of foraminiferal calcite 
(approximately 10 individual tests) were simply ultrasonicated in deionised water to 
remove clays and other adhering particles. Samples were dissolved in phosphoric acid 
in an automated carbonate preparation system (CAPS), and the isotopic composition 
of the released CO2 was determined by gas source mass spectrometry (Europa GEO 
20-20). Data are presented as the ‰ deviation from the Vienna Pee Dee Belemnite 
(VPDB) isotope standard. Replicate analyses of an in-house standard were calibrated 
against NBS-19 and yielded a routine external reproducibility of 0.065‰ for δ18O 
and 0.031‰ δ13C. 
2.7 Trace element analysis of foraminifera 
2.7.1 Inductively coupled plasma optical emission spectroscopy (ICP-OES)  
To quantify the percentage loss of sample during the cleaning procedure, the Ca 
concentration ([Ca]) of the cleaned foraminifera was determined by ICP-OES. 
Cleaned foraminiferal calcite was dissolved in 500 µl of 0.075 M HNO3 per mg of 
calcite under continuous ultrasonication. If samples did not fully dissolve, 12 M 
HNO3 was added in aliquots of 5 µl. The dissolved forams were then added to a new, 
acid cleaned microcentrifuge tube, and an aliquot of this solution was diluted with 0.4 
M HNO3 to give a concentration of approximately 3 ppm Ca. The Ca, plus Mg, Sr, Al 
and Mn, content of the sample was then determined on a Perkin-Elmer Optima 4300 
DV ICP-OES, following the protocol given in Green et al. (2003). The internal 
reproducibility of both Mg/Ca and Sr/Ca ratios was <0.4% (2σ;  Green et al. 2003), 
and the long-term external reproducibility (determined by repeat measurements of LC 
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and RC consistency standards during trace element analysis of samples; n=15) was 
<2.8% (2σ) for Mg/Ca and <0.4% (2σ) for Sr/Ca. 
2.7.2 Inductively coupled plasma mass spectroscopy (ICP-MS) 
A second aliquot was taken from the dissolved foraminifera sample solutions and 
diluted to give a 100 ppm Ca solution in 2 % HNO3 with a total volume of 1.1 ml 
based on analyses of the [Ca] in samples. Concentrations of Li, B, Mg, Al, Ca, Mn, 
Zn, Sr, Cd, Ba, Nd and U in this solution were then determined on a Perkin Elmer 
Elan DRC II ICP-MS using the settings outlined in Table 2-2. Standards were 
prepared from single element solutions in 100 ppm Ca, so as to be “matrix matched” 
to the samples.  Elemental ratios (relative to Ca) were determined directly from ICP-
MS intensity ratios using the method described in Rosenthal et al. (1999). According 
to this technique, the mass bias factor (C) is calculated as the ratio between the 
known elemental ratio in the drift monitor and the blank-corrected measured ratio for 
the specific pair of elements as shown by Equation 2-1, 
    Equation 2-1 
where subscripts “DM”, “CaBl”, and “Bl”, refer to the drift monitor, calcium blank 
(100 ppm Ca in 2% HNO3), and blank (2% HNO3), respectively, square brackets 
represent the gravimetrically calculated concentrations of elements and “cps” is the 
intensity of the measured signal in counts per second. The sample elemental ratio is 
then given by Equation 2-2, 
     Equation 2-2 
The value of C applied to each sample was determined by interpolation between 
bracketing drift monitors. Application of this method is robust provided that the value 
of C is invariant or changes linearly with time. At the start of an ICP-MS run, C are 
highly variable, however, after ~8 hours running time sufficient stability is achieved 
to begin sample measurements (Figure 2-7).  
!
! 
C =
[X]DM/[Ca]DM
(XDM
cps - XCaBl
cps )/(CaDM
cps - CaBl
cps)
!
! 
X/Ca = C "
XSample
cps
#XCaBl
cps
CaSample
cps
#CaBl
cps
"
ACa
AX
Methology 45 
 
Figure 2-7: Variation in the value of C for Li/Ca during a typical ICP-MS run. Red symbols 
represent standards; blue symbols represent drift monitors. Note that the variation in C is 
stable after ~8 hours. 
Following preliminary trace element analyses, the effect of increasing dwell time on 
analytes Li, B and Cd was investigated to improve the external reproducibility on 
Li/Ca, B/Ca and Cd/Ca measurements. Quadrupling the dwell time to 100 ms for Li 
and 300 ms for Cd significantly increased the reproducibility of Li/Ca and Cd/Ca 
measurements (Figure 2-8), hence these settings were kept for subsequent sample 
analyses. However, increasing the dwell time failed to improve the reproducibility of 
B/Ca measurements, which suggests that analysis of B is easily compromised by 
contamination issues, as noted by other authors (i.e. Foster, 2008; Rae et al., 2011). 
The ultimate external reproducibility of elemental ratios following the outcomes of 
this experiment is given in Table 2-3 that was assessed from multiple measurements 
(n=23 over 7 sample runs) of the LC and RC cleaned planktic foraminiferal calcite 
consistency standards.  
 
Figure 2-8: Effect of increasing dwell-time on the reproducibility of Li/Ca (Panel A), B/Ca 
(Panel B), Cd/Ca (Panel C).  
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Table 2-2: Machine settings for the Perkin Elmer Elan DRC II ICP-MS. 
Parameter/Hardware Setting  
Sample & Standard [Ca]  100 ppm 
Nebuliser type 100 µl/min PFA (pumped) 
Spray Chamber type  Quartz micro-cyclonic 
ICP RF Power 1350 W 
Sweeps 100 
Replicates 5 
Detector (Pulse/Analogue/Dual) Dual 
Process spectral peak (Average/Sum/Max) Average 
Auto lens On 
Delay time before analysis 30 sec 
Plasma Aerosol type (Wet/Dry) Wet 
Wash time between vials 260 sec 
Cones (X/H) Platinum X 
 
Table 2-3: Reproducibility of results from Perkin Elmer Elan DRC II ICP-MS. Percentage 
relative standard deviation of raw counts per second and 2σ reproducibility of trace-
element/Ca ratio based on long term reproducibility of LC and RC standards (n=23). 
Analyte Raw cps %RSD Long term reproducibility of X/Ca (%; 2σ) 
 Li 3 ± 3.4  
 B 3 ± 14.5  
 Mg 1 ± 2.1  
 Al 4 ± 11.8  
 Mn 1 ± 6.9  
 Zn 4 ± 556  
 Sr 1 ± 1.7  
 Cd 3 ± 15.3  
 Ba 2 ± 2.3  
 Nd 3 ± 3.3  
 U 2 ± 4.1  
Samples and standards were prepared under High-Efficiency Particulate Air (HEPA) 
filtered conditions; however, during ICP-MS analysis, solutions were exposed to 
unfiltered laboratory air for up to 16 hours. To assess the impact of contamination 
from unfiltered air, two tests were carried out. In the first test, five blank solutions 
(2% HNO3) were analysed in a single ICP-MS run, and then re-analysed after 24 
hours and 48 hours of exposure. The concentration of most analytes increased over 
time in at least one sample vial. However, concentrations of Mg and Al increased in 
all five blank solutions, by up to 100% for Mg and up to 500% for Al, after 48 hours 
(Figure 2-9). For the second experiment, five standard solutions were run as samples 
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on consecutive days; however, calibration standards, blanks, and drift monitors were 
freshly prepared before each run. With the exception of Zn/Ca, the trace-element/Ca 
ratios of all trace elements remained within the uncertainty of the known values, even 
after 48 hours of exposure to unfiltered air (Figure 2-10). Thus, the level of 
contamination introduced by exposure to air is considered small, relative to the 
concentration of the analyte in the sample. While there was no obvious increase in the 
Zn/Ca in an individual sample vial over time, the Zn/Ca values of “identical” 
solutions showed considerable variability, suggesting that either ICP-MS vials or 
perhaps (acid cleaned) plasticwear used for the making of standard solutions, are a 
source of Zn. 
 
Figure 2-9: Concentration of various analytes in 2% HNO3 exposed to laboratory air over a 
three day period. Concentrations are expressed in counts per second and are normalised to 
the intensity measured on the top calibration standard. Vial numbers 1-5 are labelled in 
grey on the panel top left. 
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Figure 2-10: Trace element/Ca ratios following exposure of sample vials to laboratory air. 
Vial numbers 1-5 are labelled in grey on the top left panel. Horizontal black dashed lines 
show the true trace-element/Ca values. Error bars (not shown for Zn/Ca) are based on the 
2σ reproducibility of LC and RC consistency standards.  
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2.7.3 Thermo Element 2 ICP-MS 
A selection of samples and consistency standards analysed using the Perkin Elmer 
Elan DRC II ICP-MS were re-run on the newly installed Thermo Element 2 ICP-MS. 
The key difference between these two instruments lies in the mass separation process; 
the double focusing magnetic sector field of the Element 2 offers higher resolution 
mass discrimination than the quadrupole system of the Perkin Elmer ICP-MS. Trace 
element/Ca ratios (Li/Ca, B/Ca, Mg/Ca, Al/Ca, Mn/Ca, Zn/Ca, Sr/Ca, Cd/Ca, Ba/Ca, 
Nd/Ca and U/Ca) were measured using the settings outlined in Table 2-4. To allow 
for direct comparison, the methodology remained similar to that employed for the 
Perkin Elmer ICP-MS runs, except that [Ca] of samples and standards was 80 ppm 
Ca (as opposed to 100 ppm Ca).  
Analysis of the consistency standard LC revealed that the sensitivity of the Element 2 
is between one and two orders of magnitude greater for all analytes relative to the 
Perkin Elmer instrument (Figure 2-11 A). As a result, the relative standard deviation 
of each analysis was far lower (~1 % for all elements except Cd; Figure 2-11 B) and 
the reproducibility of trace element/Ca ratios is improved, particularly for B/Ca, 
Zn/Ca, and Cd/Ca (Figure 2-11 C).  
Table 2-4: Settings applied during Element 2 ICP-MS runs. 
Parameter/Hardware Setting  
Sample & Standard [Ca]  80 ppm 
Nebuliser type 100 µl/min (self-aspirating) 
Spray Chamber type  Quartz micro-cyclonic 
ICP RF Power 1300 W 
Sweeps 15 
Replicates 3 
Mass window per analyte 0.01 AMU 
Sample time per analyte 5 ms 
Samples per peak 100 
Segment duration per analyte 50 ms 
Integration window 10 
Scan Type Electrostatic (EScan) 
Detection mode Triple 
Integration type Average 
Plasma Aerosol type (Wet/Dry) Wet 
Wash time between vials 260 sec 
Cones (X/H) Platinum X 
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Figure 2-11: Comparison of ICP-MS results obtained on the Element 2 (red) versus the 
Perkin Elmer (blue). Panel A. Number of counts per second for analysis of the same LC 
consistency standard on both machines. Panel B. % relative standard deviation (RSD) of 5 
replicate analyses of the LC consistency standard. Panel C. % RSD of X/Ca ratios of 5 
replicate analyses of the LC consistency standard. 
Mg/Ca, Sr/Ca, Mn/Ca, Nd/Ca and U/Ca values of samples measured on both 
instruments yielded comparable results (Figure 2.15), but values of B/Ca, Al/Ca, and 
Ba/Ca (and to a lesser extent Li/Ca and Cd/Ca) were higher in the samples run on the 
Element than the results of the same samples analysed 3 months earlier on the Perkin 
Elmer machine. These anomalously high results using the Element 2 were not 
observed in the consistency standards, which were freshly prepared before each run. 
This strongly suggests that prolonged storage for samples is problematic for B, Al 
and Ba analysis, hence, wherever possible, all analyses of trace element/Ca ratios 
were subsequently conducted on freshly-prepared solutions.  
!"#$%%&
!"#$%!&
!"#$%'&
!"#$%(&
!"#$%)&
!"#$%*&
!"#$%+&
!"#$%,&
!"#$%-&
!"#$%.&
/0& 1& 23& 45& 67& 67& 67& 67& 28& 98& :;& 6<& 17& =<& >&
,& !!& '+& ',& )'& )(& ))& )+& **& ++& -+& !!!& !(,& !)+& '(-&
%&
!&
'&
(&
)&
*&
C
o
u
n
ts
 p
e
r 
s
e
c
o
n
d
 
Analyte 
%
R
S
D
 o
f 
L
C
 
ra
w
 c
p
s
 
0 
5 
10 
15 
20 
Li/Ca B/Ca Mg/Ca Al/Ca Mn/Ca Zn/Ca Sr/Ca Cd/Ca Ba/Ca Nd/Ca U/Ca 
%
R
S
D
 o
f 
L
C
  
e
le
m
e
n
ta
l 
ra
ti
o
s
  
9
0
%
 !
 
A. 
B. 
C. Element 2 ICP-MS 
Perkin Elmer ICP-MS 
Analyte 
1!100 
1!101 
1!102 
1!103 
1!104 
1!105 
1!106 
1!107 
1!108 
1!109 
!"#$%%&
!"#$%!&
!"#$%'&
!"#$%(&
!"#$%)&
!"#$%*&
!"#$%+&
!"#$%,&
!"#$%-&
!"#$%.&
/0& 1& 23& 45& 67& 67& 67& 67& 28& 98& :;& 6<& 17& =<& >&
,& !!& '+& ',& )'& )(& ))& )+& **& ++& -+& !!!& !(,& !)+& '(-&
%&
!&
'&
(&
)&
*&
C
o
u
n
ts
 p
e
r 
s
e
c
o
n
d
 
Analyte 
%
R
S
D
 o
f 
L
C
 
ra
w
 c
p
s
 
0 
5 
10 
15 
20 
Li/Ca B/Ca Mg/Ca Al/Ca Mn/Ca Zn/Ca Sr/Ca Cd/Ca Ba/Ca Nd/Ca U/Ca 
%
R
S
D
 o
f 
L
C
  
e
le
m
e
n
ta
l 
ra
ti
o
s
  
9
0
%
 !
 
A. 
B. 
C. Element 2 ICP-MS 
Perkin Elmer ICP-MS 
Analyte 
1!100 
1!101 
1!102 
1!103 
1!104 
1!105 
1!106 
1!107 
1!108 
1!109 
!"#$%%&
!"#$%!&
!"#$%'&
!"#$%(&
!"#$%)&
!"#$%*&
!"#$%+&
!"#$%,&
!"#$%-&
!"#$%.&
/0& 1& 23& 45& 67& 67& 67& 67& 28& 98& :;& 6<& 17& =<& >&
,& !!& '+& ',& )'& )(& ))& )+& **& ++& -+& !!!& !(,& !)+& '(-&
%&
!&
'&
(&
)&
*&
C
o
u
n
ts
 p
e
r 
s
e
c
o
n
d
 
Analyte 
%
R
S
D
 o
f 
L
C
 
ra
w
 c
p
s
 
0 
5 
10 
15 
20 
Li/Ca B/Ca Mg/Ca Al/Ca Mn/Ca Zn/Ca Sr/Ca Cd/Ca Ba/Ca Nd/Ca U/Ca 
%
R
S
D
 o
f 
L
C
  
e
le
m
e
n
ta
l 
ra
ti
o
s
  
9
0
%
 !
 
A. 
B. 
C. Element 2 ICP-MS 
Perkin Elmer ICP-MS 
Analyte 
1!100 
1!101 
1!102 
1!103 
1!104 
1!105 
1!106 
1!107 
1!108 
1!109
!"#$% &
!"#$%!&
!"#$%'&
!"#$%(
!"#$%)&
!"#$%*&
!"#$%+
!"#$%,&
-
.
/0& 1& 23& 45& 67& 67& 67& 67& 28& 98& :;& 6<& 17& =<& >&
,& !!& '+& ',& )'& )(& ))& )+& **& ++& -+& !!!& !(,& !)+& '(-&
%&
!&
'&
(&
)&
*&
C
o
u
n
ts
 p
e
r 
s
e
c
o
n
d
 
Analyte 
%
R
S
D
 o
f 
L
C
 
ra
w
 c
p
s
 
0 
5 
10 
15 
20 
Li/Ca B/Ca Mg/Ca Al/Ca Mn/Ca Zn/Ca Sr/Ca Cd/Ca Ba/Ca Nd/Ca U/Ca 
%
R
S
D
 o
f 
L
C
  
e
le
m
e
n
ta
l 
ra
ti
o
s
  
9
0
%
 !
 
A. 
B. 
C. Element 2 ICP-MS 
Perkin Elmer ICP-MS 
Analyte 
1!100 
1!101 
1!102 
1!103 
1!104 
1!105 
1!106 
1!107 
8
9 
!"#$%%&
!"#$%!&
!"#$%'&
!"#$%(&
!"#$%)&
!"#$%*&
!"#$%+&
!"#$%,&
!"#$%-&
!"#$%.&
/0 1 23& 45& 67 67& 67& 67& 28& 98& :;& 6<& 17& =<& >&
,& !!& '+& ',& )'& )(& ))& )+ ** + -+ !!!& !(,& !)+& '(-&
%&
!&
'&
(&
)&
*&
C
o
u
n
ts
 p
e
r 
s
e
c
o
n
d
 
Analyte 
%
R
S
D
 o
f 
L
C
 
ra
w
 c
p
s
 
0 
5 
10 
15 
20 
Li/Ca B/Ca Mg/Ca Al/Ca Mn/Ca Zn/ a Sr/Ca Cd/Ca Ba/Ca Nd/Ca U/Ca 
%
R
S
D
 o
f 
L
C
  
e
le
m
e
n
ta
l 
ra
ti
o
s
  
9
0
%
 !
 
A. 
B. 
C. Element 2 ICP-MS 
Perkin Elmer ICP-MS 
Analyte 
1!100 
1!101 
1!102 
1!103 
1!104 
1!105 
1!106 
1!107 
1!108 
1!109 
!"#$%%&
!"#$%!&
!"#$%'&
!"#$%(&
!"#$%)&
!"#$%*&
!"#$%+&
!"#$%,&
!"#$%-&
!"#$%.&
/0 1 23& 45& 67 67& 67& 67& 28& 98& :;& 6<& 17& =<& >&
,& !!& '+& ',& )'& )(& ))& )+ ** + -+ !!!& !(,& !)+& '(-&
%&
!&
'&
(&
)&
*&
C
o
u
n
ts
 p
e
r 
s
e
c
o
n
d
 
Analyte 
%
R
S
D
 o
f 
L
C
 
ra
w
 c
p
s
 
0 
5 
10 
15 
20 
Li/Ca B/Ca Mg/Ca Al/Ca Mn/Ca Zn/ a Sr/Ca Cd/Ca Ba/Ca Nd/Ca U/Ca 
%
R
S
D
 o
f 
L
C
  
e
le
m
e
n
ta
l 
ra
ti
o
s
  
9
0
%
 !
 
A. 
B. 
C. Element 2 ICP-MS 
Perkin Elmer ICP-MS 
Analyte 
1!100 
1!101 
1!102 
1!103 
1!104 
1!105 
1!106 
1!107 
1!108 
1!109 
!"#$%%&
!"#$%!&
!"#$%'&
!"#$%(&
!"#$%)&
!"#$%*&
!"#$%+&
!"#$%,&
!"#$%-&
!"#$%.&
/0 1 23& 45& 67 67& 67& 67& 28& 98& :;& 6<& 17& =<& >&
,& !!& '+& ',& )'& )(& ))& )+ ** + -+ !!!& !(,& !)+& '(-&
%&
!&
'&
(&
)&
*&
C
o
u
n
ts
 p
e
r 
s
e
c
o
n
d
 
Analyte 
%
R
S
D
 o
f 
L
C
 
ra
w
 c
p
s
 
0 
5 
10 
15 
20 
Li/Ca B/Ca Mg/Ca Al/Ca Mn/Ca Zn/ a Sr/Ca Cd/Ca Ba/Ca Nd/Ca U/Ca 
%
R
S
D
 o
f 
L
C
  
e
le
m
e
n
ta
l 
ra
ti
o
s
  
9
0
%
 !
 
A. 
B. 
C. Element 2 ICP-MS 
Perkin Elmer ICP-MS 
Analyte 
1!100 
1!101 
1!102 
1!103 
1!104 
1!105 
1!106 
1!107 
1!108 
1!109
!"#$% &
!"#$%!&
!"#$%'&
!"#$%(
!"#$%)&
!"#$%*&
!"#$%+
!"#$%,&
-
.
/0 1 23& 45& 67 67& 67& 67& 28& 98& :;& 6<& 17& =<& >&
,& !!& '+& ',& )'& )(& ))& )+ ** + -+ !!!& !(,& !)+& '(-&
%&
!&
'&
(&
)&
*&
C
o
u
n
ts
 p
e
r 
s
e
c
o
n
d
 
Analyte 
%
R
S
D
 o
f 
L
C
 
ra
w
 c
p
s
 
0 
5 
10 
15 
20 
Li/Ca B/Ca Mg/Ca Al/Ca Mn/Ca Zn/ a Sr/Ca Cd/Ca Ba/Ca Nd/Ca U/Ca 
%
R
S
D
 o
f 
L
C
  
e
le
m
e
n
ta
l 
ra
ti
o
s
  
9
0
%
 !
 
A. 
B. 
C. Element 2 ICP-MS 
Perkin Elmer ICP-MS 
Analyte 
1!100 
1!101 
1!102 
1!103 
1!104 
1!105 
1!106 
1!107 
8
9 
!"#$%%&
!"#$%!&
!"#$%'&
!"#$%(&
!"#$%)&
!"#$%*&
!"#$%+&
!"#$%,&
!"#$%-&
!"#$%.&
/0& 1& 23& 45& 67& 67& 67& 67& 28& 98 :;& <& 17& =< >
,& !!& '+& ',& )'& )(& ))& )+& **& ++& -+& !!!& ! ,& ! +& '(-&
%&
!&
'&
(&
)&
*&
C
o
u
n
ts
 p
e
r 
s
e
c
o
n
d
 
Analyte 
%
R
S
D
 o
f 
L
C
 
ra
w
 c
p
s
 
0 
5 
10 
15 
20 
Li/Ca B/Ca Mg/Ca Al/Ca Mn/Ca Zn/  Sr/Ca Cd/Ca Ba/Ca Nd U
%
R
S
D
 o
f 
L
C
  
e
le
m
e
n
ta
l 
ra
ti
o
s
  
9
0
%
 !
 
A. 
B. 
C. Element 2 ICP-MS 
Perkin Elmer ICP-MS 
Analyte 
1!100 
1!101 
1!102 
1!103 
1!104 
1!105 
1!106 
1!107 
1!108 
1!109 
!"#$%%&
!"#$%!&
!"#$%'&
!"#$%(&
!"#$%)&
!"#$%*&
!"#$%+&
!"#$%,&
!"#$%-&
!"#$%.&
/0& 1& 23& 45& 67& 67& 67& 67& 28& 98 :;& <& 17& =< >
,& !!& '+& ',& )'& )(& ))& )+& **& ++& -+& !!!& ! ,& ! +& '(-&
%&
!&
'&
(&
)&
*&
C
o
u
n
ts
 p
e
r 
s
e
c
o
n
d
 
Analyte 
%
R
S
D
 o
f 
L
C
 
ra
w
 c
p
s
 
0 
5 
10 
15 
20 
Li/Ca B/Ca Mg/Ca Al/Ca Mn/Ca Zn/  Sr/Ca Cd/Ca Ba/Ca Nd U
%
R
S
D
 o
f 
L
C
  
e
le
m
e
n
ta
l 
ra
ti
o
s
  
9
0
%
 !
 
A. 
B. 
C. Element 2 ICP-MS 
Perkin Elmer ICP-MS 
Analyte 
1!100 
1!101 
1!102 
1!103 
1!104 
1!105 
1!106 
1!107 
1!108 
1!109 
!"#$%%&
!"#$%!&
!"#$%'&
!"#$%(&
!"#$%)&
!"#$%*&
!"#$%+&
!"#$%,&
!"#$%-&
!"#$%.&
/0& 1& 23& 45& 67& 67& 67& 67& 28& 98 :;& <& 17& =< >
,& !!& '+& ',& )'& )(& ))& )+& **& ++& -+& !!!& ! ,& ! +& '(-&
%&
!&
'&
(&
)&
*&
C
o
u
n
ts
 p
e
r 
s
e
c
o
n
d
 
Analyte 
%
R
S
D
 o
f 
L
C
 
ra
w
 c
p
s
 
0 
5 
10 
15 
20 
Li/Ca B/Ca Mg/Ca Al/Ca Mn/Ca Zn/  Sr/Ca Cd/Ca Ba/Ca Nd U
%
R
S
D
 o
f 
L
C
  
e
le
m
e
n
ta
l 
ra
ti
o
s
  
9
0
%
 !
 
A. 
B. 
C. Element 2 ICP-MS 
Perkin Elmer ICP-MS 
Analyte 
1!100 
1!101 
1!102 
1!103 
1!104 
1!105 
1!106 
1!107 
1!108 
1!109
!"#$% &
!"#$%!&
!"#$%'&
!"#$%(
!"#$%)&
!"#$%*&
!"#$%+
!"#$%,&
-
.
/0& 1& 23& 45& 67& 67& 67& 67& 28& 98 :;& <& 17& =< >
,& !!& '+& ',& )'& )(& ))& )+& **& ++& -+& !!!& ! ,& ! +& '(-&
%&
!&
'&
(&
)&
*&
C
o
u
n
ts
 p
e
r 
s
e
c
o
n
d
 
Analyte 
%
R
S
D
 o
f 
L
C
 
ra
w
 c
p
s
 
0 
5 
10 
15 
20 
Li/Ca B/Ca Mg/Ca Al/Ca Mn/Ca Zn/  Sr/Ca Cd/Ca Ba/Ca Nd U
%
R
S
D
 o
f 
L
C
  
e
le
m
e
n
ta
l 
ra
ti
o
s
  
9
0
%
 !
 
A. 
B. 
C. Element 2 ICP-MS 
Perkin Elmer ICP-MS 
Analyte 
1!100 
1!101 
1!102 
1!103 
1!104 
1!105 
1!106 
1!107 
8
9 
E
le
m
e
n
t 
2
 
P
e
rk
in
 E
lm
e
r 
L
i/
C
a
 
B
/C
a
 
M
g
/C
a
 
A
l/
C
a
 
M
n
/C
a
 
Z
n
/C
a
 
S
r/
C
a
 
C
d
/C
a
 
B
a
/C
a
 
N
d
/C
a
 
U
/C
a
 
Methology 51 
 
Figure 2-12: Trace-element/Ca data determined by the Element 2 ICP-MS  (red; y-axis) on 
22nd Feb 2011 and by the Perkin Elmer ICP-MS (blue; x-axis) on 12th Nov 2010. 
Foraminiferal calcite samples are shown by the green crosses and LC & RC consistency 
standards are shown by the black crosses. Error bars are based on repeat measurements of 
LC consistency standard. 
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Table 2-5: Reproducibility of trace element/Ca ratios determined on the Element 2 ICP-MS 
and the Perkin Elmer ICP-MS. The reproducibility is based on repeat analysis of the LC 
and RC consistency standards over 3 runs (n=8).  
X/Ca Element 2 
 Reproducibility (2σ , %) 
Perkin Elmer 
Reproducibility (2σ , %) 
Li/Ca ± 1.3  ± 3.4  
B/Ca ± 16.0  ± 14.5  
Mg/Ca ± 0.5  ± 2.1  
Al/Ca ± 1.9  ± 11.8  
Mn/Ca ± 1.3  ± 6.9  
Zn/Ca ± 9.3  ± 556  
Sr/Ca ± 0.7  ± 1.7  
Cd/Ca ± 5.1  ± 15.3  
Ba/Ca ± 1.1  ± 2.3  
Nd/Ca ± 1.1  ± 3.3  
U/Ca ± 2.8  ± 4.1  
 
2.8 Analysis of Li and Nd isotopes by multi-collector (MC)-ICP-MS 
2.8.1 Li isotope analysis 
Lithium isotope data are reported as the per mil (‰) deviation from the NIST 
(National Institute of Standards and Technology, U.S.A.) LSVEC Li isotope standard 
(Flesch et al., 1973) as follows,  
    Equation 2-3 
Lithium isotope measurements were made by MC-ICP-MS (Thermo Neptune) using 
the settings outlined in Table 2-6.  
Following Li separation from the sample matrix, the Li fraction was re-dissolved in 
220 µl of 3% HNO3. A 20 µl aliquot of each sample solution was taken and diluted to 
100 µl with  3% HNO3 to assess the Li concentration in the sample on the MC-ICP-
MS. On the basis of this measurement, a further aliquot of the sample was taken and 
diluted with 3% HNO3 to give a concentration of 5 ppb Li. Samples were analysed 
using a sample-standard bracketing technique (Albarède and Beard, 2004), whereby 
the mass bias is determined from analysis of the 7Li/6Li ratio measured on the 
standard, which is run before and after each sample. The 7Li and 6Li intensity of the 
!
! 
"7Li =
7Li/6LiSAMPLE
7Li/6LiLSVECavg
#1
$ 
% 
& & 
' 
( 
) ) *1000
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3% HNO3 blank solution was determined prior to analysis of each sample and 
standard, and subtracted. If the 7Li intensity of this solution became higher than ~100 
mV, then the analytical run was stopped and the cones were cleaned. This typically 
reduced the blank 7Li intensity to ~30 mV.  
The combined uncertainty on the 7Li/6Li ratio of the two bracketing standards 
(uLSVEC1 and uLSVEC2) is: 
     Equation 2-4 
The combined uncertainty on the δ7Li value of the sample is: 
  Equation 2-5 
where ucombined is the internal reproducibility of the δ7Li value, and is typically less 
than ±0.2‰. 
 
Table 2-6: Settings applied during Neptune Li isotope analyses. 
Parameter/Hardware Setting  
Sample & Standard [Li]   5 ppb 
Nebuliser type  100 µl/min 
CETAC Aridus IITM     
! Ar sweep gas  ~5 l/min 
! Nitrogen Gas  0 l/min 
No. of measurements  20  
Integration time  8.389 sec 
Idle time  3 sec 
Extraction Voltage  -2000 V 
Wash time after sample  5 min 
Wash time after blank  1 min 
Cones (X/H)  Nickel X 
    
 
!
! 
uLSVECavg =
(uLSVEC1)
2
+ (uLSVEC 2)
2
2
!
! 
uLSVECavg =
(uLSVEC1)
2
+ (uLSVEC 2)
2
2
!
! 
u
combined
=
7
Li/
6
Li
SAMPLE
7
Li/
6
Li
LSVEC
"
u
SAMPLE
7
Li/
6
Li
SAMPLE
# 
$ 
% 
& 
' 
( 
2
+
u
LSVEC
7
Li/
6
Li
LSVEC
# 
$ 
% 
& 
' 
( 
2
Methology 54 
To verify that no Li isotope fractionation occurred during column chemistry and to 
assess the external reproducibility of δ7Li values for samples subject to column 
chemistry, LSVEC and standard seawater were also passed through cation exchange 
column columns and analysed within each instrument run (Figure 2-13). The average 
δ7Li values of LSVEC and seawater were 0.5 ±1.7‰ (2σ, n=7) and 32.0 ±0.7‰ (2σ, 
n=10) respectively. The value measured for seawater is within the range reported in 
the literature (31.5 ±1.6‰; James and Palmer, 2000).  
 
 
 
Figure 2-13: Reproducibility of lithium isotope standards. Measured δ7Li values for 
seawater (Panel A) and LSVEC (Panel B) standards passed through cation exchange 
columns shown as crosses. Error bars represent the internal reproducibility of each 
measurement (ucombined). Dashed lines show average measured values across all runs in this 
study and solid lines show literature values of each standard (Flesch et al., 1973; James and 
Palmer, 2000). 
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2.8.2 Nd isotope analysis 
The Nd isotopic composition of the foraminiferal samples was also analysed on the 
Neptune multi-collector (MC)-ICP-MS using the set up described in Table 2-7. 
Following separation of Nd from the sample matrix, the Nd fraction was re-dissolved 
in 450 µl of 3% HNO3 and gently warmed on a hot plate to assist dissolution. The Nd 
content of the sample solution was assessed from the signal intensity on 144Nd of a 
small aliquot of the sample solution (20 µl diluted to 80 µl with 3% HNO3). Ce and 
Sm were also monitored to ensure that 140Ce/144Nd and 147Sm/144Nd voltage ratios 
were less than 0.2 and 0.0005, respectively. Sample solutions were diluted with 3% 
HNO3 to give 50 ppb of Nd2, and analysed for Nd isotopes alongside pure JNdi-1 and 
Ce-doped JNdi-1 standards (that consisted of 50ppb of Nd plus 15 ppb of Ce), which 
were run every five samples. Machine-induced mass bias was corrected for internally 
for 143Nd/144Nd following Vance and Thirlwall (2002). Afterward, all measured 
143Nd/144Nd ratios were normalised to the JNdi-1 standard value of 0.512115 (Tanaka 
et al., 2000). This was achieved using the session-specific average offset of all 
measured JNdi-1 standards and using this correction factor to normalise sample 
143Nd/144Nd. The non-mass bias corrected 142Ce/140Ce was determined for each run 
based on analysis of the Ce doped JNdi-1 standard, and this value was then used to 
correct for the interference of 142Ce on 142Nd in the samples (see Vance and Thirwall 
2002).  
Equation 2-6 demonstrates how measured sample 143Nd/144Nd values were adjusted 
for instrumental mass bias using the primordial 146Nd/144Nd stable isotope ratio of 
0.7219 (O'Nions et al., 1977; Wombacher and Rehkämper, 2003) and assuming an 
exponential dependence on mass (Vance and Thirlwall, 2002), 
 Equation 2-6 
                                                
2 Although the majority of samples were analysed at 50 ppb [Nd], samples where sample material was 
limited were run at lower concentration. This was particularly true for foraminiferal calcite samples 
run on average at 25 ppb with a lowest analysed concentration of 2 ppb [Nd]. Internal errors were not 
significantly increased during analysis of these lower concentration solutions. 
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where superscripts “meas” and “mbc” denote measured and mass bias adjusted ratios, 
respectively, and mx is the precise atomic mass of XNd. 
For convenience 143Nd/144Nd of a sample is given in epsilon notation relative to the 
present day 143Nd/144Nd ratio of CHUR (0.512638; Hamilton et al., 1983; Jacobsen 
and Wasserburg, 1980) reported in the form εNd(0) and is calculated as follows, 
    Equation 2-7 
where “0” represents the εNd value at the present day (time = 0). However, to 
calculate the εNd of ancient samples at the time of formation (time = t), εNd(0) values 
must be adjusted to account for post-depositional ingrowth of 143Nd from decay of 
147Sm within the sample, post-formation, using, 
    Equation 2-8 
where the 143Nd/144Nd ratio of CHUR in the past is given as, 
 Equation 2-9 
the 143Nd/144Nd ratio of the sample in the past is, 
 Equation 2-10 
and the half-life of 147Sm decay to 143Nd (λ) is 6.45×10-12 yr-1. We use the measured 
chrondritic value for (147Sm/144Nd)0CHUR = 0.1966 (Jacobsen and Wasserburg, 1980) 
and assume (147Sm/144Nd)0sample of 0.1286 for fish teeth (Thomas et al., 2003) and 
0.1412 for foraminiferal calcite (average of Vance et al., 2004). Substituting Equation 
2-9 and Equation 2-10 into Equation 2-8 gives,  
 Equation 2-11 
In the case of 23 Myr old samples, ingrowth of 143Nd from 147Sm reduces εNd values 
by ~0.17. This is comparable to the internal reproducibility of the εNd measurement 
(±0.26, 2 SE where SE = σ/√n). Replicate measurements of pure and Ce-doped JNdi-
1 standards (n=37) shown in Figure 2-14 yield an average 143Nd/144Nd ratio of 
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0.512158 ±0.000008; 2σ), resulting in an external reproducibility of 0.16 εNd. Internal 
reproducibilites that are poorer than the external reproducibility of the instrument for 
these sample runs are a result of the use of a faulty 1012 resistor on the 143Nd 
collection cup. This resistor fault was confirmed by a secondary analysis of samples 
with high internal reproducibilites, using a 1011 resistor on the 143Nd collection cup. 
Although the average internal reproducibility for this later run was smaller (±0.1 εNd, 
2 SE), the original data that were obtained immediately after sample dissolution are 
presented. 
 
Figure 2-14: Reproducibility of neodymium isotope standards. Mass-fractionation adjusted 
measurements of 143Nd/144Nd for pure JNdi-1 (blue squares) and Ce doped JNdi-1 standards 
(blue diamonds) and the same measurements normalised (red markers) to the literature 
143Nd/144Nd value for pure JNdi-1 of 0.512115 (Tanaka et al., 2000). 
 
Table 2-7: Settings applied during Neptune Nd isotope analyses. 
Parameter/Hardware Setting  
Sample & Standard [Nd]   50 ppb 
Nebuliser type  75-100 µl/min 
CETAC Aridus IITM     
! Ar sweep gas  5-6 l/min 
! Nitrogen Gas  ~7 l/min 
Number of measurements  50  
Integration time  4.194 sec 
Idle time  3 sec 
Extraction Voltage  -2000 V 
Wash time after sample  2 min 
Wash time after blank  0 min 
Cones (X/H)  Nickel X 
Run 1 Run 2 Run 3 Run 4 
Mass fractionation adjusted 143Nd/144Nd ratio 
Normalised mass fractionation adjusted 143Nd/144Nd ratio 
143Nd/144Nd value of  
JNdi-1 = 0.512115 
(Tanaka et al., 2000)   
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3 Geochemical assessment of the palaeoecology, ontogeny, 
morphotypic variability and palaeoceanographic utility of 
“Dentoglobigerina” venezuelana 
3.1 Abstract 
To better understand the links between the carbon cycle and changes in past climate over tectonic 
timescales we need new geochemical proxy records of secular change in silicate weathering rates. 
A number of proxies are under development, but some of the most promising (e.g. palaeo-
seawater records of Li and Nd isotope change) can only be employed on such large samples of 
mono-specific foraminifera that application to the deep sea sediment core archive becomes highly 
problematic. “Dentoglobigerina” venezuelana presents a potentially attractive target for 
circumventing this problem because it is a typically large (>355 µm diameter), abundant and 
cosmopolitan planktic foraminifer that ranges from the early Oligocene to early Pliocene. Yet 
considerable taxonomic and ecological uncertainties associated with this taxon must first be 
addressed. Here, we assess the taxonomy, palaeoecology, and ontogeny of “D.” venezuelana 
using stable isotope (oxygen and carbon) and Mg/Ca data measured in tests of late Oligocene to 
early Miocene age from Ocean Drilling Program (ODP) Site 925, on Ceara Rise, in the western 
equatorial Atlantic. To help constrain the depth habitat of “D.” venezuelana relative to other 
species we report the stable isotope composition of selected planktic foraminifera species within 
Globigerina, Globigerinoides, Paragloborotalia and Catapsydrax. We define three morphotypes 
of “D.” venezuelana based on the morphology of the final chamber and aperture architecture. We 
determine the trace element and stable isotope composition of each morphotype for different size 
fractions, to test the validity of pooling these morphotypes for the purposes of generating 
geochemical proxy datasets and to assess any ontogenetic variations in depth habitat. Our data 
indicate that “D.” venezuelana maintains a lower thermocline depth habitat at Ceara Rise 
between 24 and 21 Ma. Comparing our results to published data sets we conclude that this lower 
thermocline depth ecology for the Oligo-Miocene is part of an Eocene-to-Pliocene evolution of 
depth habitat from surface to sub-thermocline for “D.” venezuelana. Our size fraction data 
advocate the absence of photosymbionts in “D.” venezuelana and suggest that juveniles calcify 
higher in the water column, descending into slightly deeper water during the later stages of its life 
cycle. Our morphotype data show that δ18O and δ13C variation between morphotypes is no greater 
than within-morphotype variability. This finding will permit future pooling of morphotypes in the 
generation of the “sample hungry” palaeoceanographic records. 
Keywords: Planktic foraminifera, Dentoglobigerina venezuelana, morphotype, palaeoecology, ontogeny 
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3.2 Introduction 
There is a pressing need to improve our understanding of Oligo-Miocene (O/M) 
climate change and, in particular, the major perturbation of Cenozoic climate that 
occurred near the O/M boundary at around 23 Ma (Figure 3-1).  This climate shift is 
marked by a large increase in the benthic foraminifera δ18O record (>1.5‰), 
classically termed the “Mi-1 event” (after the “Mi-1 zone” of Miller et al., 1991), that 
is now well dated cyclo- and magnotostratigraphically to “58Ol-C6Cn” in the scheme of 
Wade and Pälike, (2004) and Pälike et al., (2006b). The increase in benthic δ18O is 
interpreted to represent major ice sheet expansion on Antarctica (Zachos et al., 2001) 
associated with a contemporaneous change in the carbon cycle as indicated by an 
increase in δ13C of benthic foraminifera (Figure 3-1). 
 
Figure 3-1: Benthic foraminiferal stable isotope records across the Oligocene-Miocene 
boundary from ODP Site 926 (Pälike et al., 2006a). Solid black and grey lines show a 5-
point moving average of δ18O and δ13C, respectively. Vertical grey bar highlights the Mi-1 
excursion (Miller et al., 1991; Zachos et al., 2001). Grey arrows denote stratigraphic 
position of samples investigated in this study (I-IV). Magnetostratigraphy from ODP Site 
1090, South Atlantic (Billups et al., 2002; Channell et al., 2003), correlated to Site 926 
depth scale (Liebrand et al., 2011), and matched through shipboard physical property data 
to Site 925 depth scale. 
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While benthic foraminiferal δ18O records provide insight into the timing and 
magnitude of glaciation, the causes and consequences of the Mi-1 event remain 
poorly understood. An increase in the ratio of organic carbon to carbonate burial has 
been invoked (Paul et al., 2000) to account for the δ13C maximum shown in Figure 
3-1, however, there is little evidence of organic carbon-rich deposits of appropriate 
age (Lear et al., 2004). Changes in global silicate weathering have a profound effect 
on the global carbon cycle and climate change on multi-million year timescales 
(Walker et al., 1981; Berner, 1991; Raymo and Ruddiman, 1992), but relatively little 
is known about the links between short-term (<105 years) climatic aberrations and 
silicate weathering (Vance et al., 2009). Nevertheless, variations in chemical 
weathering rates (and therefore levels of atmospheric carbon dioxide), related to the 
degree of silicate rock exposure on Antarctica, are hypothesised to account for 
temperature anomalies observed across the O/M boundary (Lear et al., 2004; cf.  
Kump et al., 1999). A detailed assessment of silicate weathering across the O/M 
interval is therefore needed to help assess linkages between climate change and this 
major geological sink for atmospheric CO2.  
Silicate weathering is known to exert a control on the oceanic concentration and 
isotopic composition of many elements including Li, Os and Nd (Burton and Vance, 
2000; Huh et al., 2001; Frank, 2002; Ravizza and Peucker-Ehrenbrink, 2003; 
Kısakűrek et al., 2005). Arguably the most useful archive for reconstructing the 
palaeoceanographic record of silicate weathering through use of these elements is 
planktic foraminiferal calcite recovered from deep-sea sediment cores as exemplified 
by the pioneering work of Hathorne and James, (2006), Vance and Burton, (1999) 
and Burton et al., (2010). Unfortunately, all of these elements occur in extremely low 
abundance within foraminiferal calcite, hence the mass of carbonate required for 
isotopic analysis is so large (e.g., Nd ~30 mg; Vance and Burton, 1999) that these 
proxies cannot readily be applied using typical sample suites. One strategy to 
circumvent this problem is to target particularly large, abundant, long-ranging and 
cosmopolitan taxa. Such species are rare, but one clear candidate is “D.” 
venezuelana, a species that ranges from the early Oligocene to early Pliocene 
(Stainforth et al., 1975; Kennett and Srinivasan, 1983; Bolli and Saunders, 1989; 
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Olsson et al., 2006), typically possesses medium to large tests (usually 355-400 µm; 
Spezzaferri, 1994), has a wide geographical distribution (equator  to ~50° latitude; 
Spezzaferri, 1994) and is found in high abundance in tropical O/M sections (Chaisson 
and Leckie, 1993; Leckie et al., 1993; Spezzaferri, 1994; Pearson and Chaisson, 
1997). Yet considerable taxonomic and ecological uncertainties are associated with 
“D.” venezuelana and these must be addressed before this taxon can be used for 
palaeoceanographic purposes with any degree of confidence. 
The brief taxonomic description of the holotype specimen (Hedberg, 1937) has led to 
inclusion of multiple morphotypes under “D.” venezuelana (Stainforth et al., 1975; 
Kennett and Srinivasan, 1983; Spezzaferri, 1994; Li et al., 2002), the geochemical 
validity of which has never been systematically explored. In addition, the depth 
ecology of “D.” venezuelana is extremely unclear (Figure 3-2). Most stable isotope 
studies of planktic foraminifera assign “D.” venezuelana to a sub-thermocline habitat 
(Barrera et al., 1985; Keller, 1985; Hodell and Vayavananda, 1993; Norris et al., 
1993; Pearson and Shackleton, 1995; Pearson et al., 2001; Smart and Thomas, 2006; 
Spezzaferri and Pearson, 2009). However, data generated on samples of O/M 
boundary age (~23 Ma), from Ceara Rise and Trinidad, imply that “D.” venezuelana 
calcified higher in the water column, within the thermocline (Biolzi, 1983; Pearson et 
al., 1997; Pearson and Wade, 2009). Furthermore, results from analysis of Oligocene 
(~28 Ma) age samples from the Gulf of Mexico (Poore and Matthews, 1984) and the 
equatorial Pacific at ODP Site 1218 (Wade et al., 2007), imply that calcification took 
place within the mixed layer. Establishing the depth habitat of calcification for “D.” 
venezuelana across the O/M boundary is a prerequisite for the generation of proxy 
records of silicate weathering because the concentration of neodymium, and its 
isotopic composition, vary with depth in the water column (Jeandel, 1993). Similarly, 
the Li/Ca of planktic foraminifera may be partly dependent on parameters that change 
with depth in seawater, such as carbonate ion saturation state (Hall and Chan, 2004). 
Here, we present new δ18O, δ13C and Mg/Ca data from planktic foraminiferal 
assemblages at ODP Site 925 (Ceara Rise, equatorial Atlantic Ocean) (Figure 3-2) of 
O/M boundary age. We determine the effect of test size on δ18O, δ13C and Mg/Ca, 
and use these data to explore the ontogenetic variation in the depth habitat of “D.” 
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venezuelana. We apply a narrow taxonomic concept to “D.” venezuelana, by 
identifying three distinct morphotypes. The depth habitat of these morphotypes is 
inferred from δ18O and δ13C analyses, and the geochemical variation within and 
between morphotypes is established to assess the validity of pooling these intra-
specific groups for the purpose of generating “sample hungry” palaeoceanographic 
records of silicate weathering (e.g., Nd & Li isotopes). 
 
 
 
 
Figure 3-2: Location of ODP Site 925 in the equatorial Atlantic Ocean. Also shown are 
other core sites for which the depth habitat (surface, thermocline or sub-thermocline) of 
“D.” venezuelana has been inferred from foraminiferal δ18O and δ13C (Biolzi, 1983; Hodell 
and Vayavananda, 1993; Norris et al., 1993; Pearson et al., 2001; Pearson et al., 1997; 
Pearson and Wade, 2009; Poore and Matthews, 1984; Smart and Thomas, 2006; Wade et 
al., 2007). 
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3.3 Materials and Methods 
3.3.1 Geological setting & chronology 
Four samples (see Table 1), spanning the O/M boundary, were analysed from core 
sediments recovered from ODP Leg 154, Site 925, Hole A (4°12.249'N, 
43°29.334'W, 3042.2 m present water depth; Shipboard Scientific Party, 1995a). 
Magnetostratigraphic age control is not available in ODP Leg 154 sediments, but a 
high quality magnetostratigraphy is available for ODP Site 1090, Agulhas Ridge 
(Billups et al., 2002; Channell et al., 2003) and it is correlated to ODP Site 926 
(Liebrand et al., 2011), a close neighbour to our study site (ODP Site 925). We tie the 
ODP Site 925 depth scale to that of ODP Site 926 by peak-matching shipboard 
magnetic susceptibility and colour reflectance data from both sites. Depth correlation 
is aided by astronomically matched tie points on either side of the O/M boundary 
(work of Crowhurst and Shackleton; S. Crowhurst personal written communication3, 
2010) and two biostratigraphic tie points, the first occurrence of Paragloborotalia 
kugleri and the last occurrence of Sphenolithus delphix (Shipboard Scientific Party, 
1995a; Shipboard Scientific Party, 1995b; Pearson and Chaisson, 1997; Weedon et 
al., 1997). Sample ages are reported relative to the astronomically tuned age model of 
ODP Site 926 (Pälike et al., 2006a).  
Table 3-1: Sample details. ODP sample identification given as Leg, Site, Hole, Core and 
Section, Interval (cm). Magnetochron assignment is based on correlation to Site 1090. Ages 
are estimated using the Site 926 age model (Pälike et al., 2006a). 
Sample  
# 
ODP sample identification Site 925 depth 
(mbsf) 
Equivalent Site 926 depth 
(mcd) 
Inferred 
Magnetochron 
Age 
(Ma) 
IV 154-925A-20R-2W, 130-132 cm 470.60 439.83 Base C6Ar 21.0 
III 154-925A-22R-4W, 10-12 cm 491.70 488.27 Top C6Cn.1n 22.6 
II 154-925A-22R-7W, 30-32 cm 496.40 492.26 Middle C6Cn.1n 22.7 
I 154-925A-24R-1W, 110-112 cm 507.40 530.54 Top C7Bn.2n 24.2 
 
                                                
3 S. Crowhurst, Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge, 
CB2 3EQ, United Kingdom, sjc13@cam.ac.uk  
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In some taxonomic descriptions, the final chamber of “D.” venezuelana is described 
as flat, and often small and irregular relative to the penultimate chamber (Stainforth et 
al., 1975; Spezzaferri, 1994), whereas in other cases chambers in the final whorl are 
described as increasing regularly in size including specimens with a more inflated 
final chamber and lobulate test outline (Kennett and Srinivasan, 1983; Li et al., 
2002). “D.” venezuelana has a relatively narrow umbilical aperture compared to 
other Dentoglobigerina species such as D. altispira and D. globosa, however, 
discrepancies also exist in the description of this primary aperture. One study 
describes the aperture as broadly rectangular or “letter-box” in shape (Kennett and 
Srinivasan, 1983). A more recent description by Spezzaferri (1994), however, 
suggests a low-arched aperture in “D.” venezuelana. Disparity among descriptions of 
the aperture style likely stem from the low arched aperture seen in the holotype 
specimen (Hedberg, 1937) and its non-inclusion in the holotype description. The 
presence of rare supplementary apertures is noted in the holotype description 
(Hedberg, 1937), however, we find no examples of this species possessing 
supplementary apertures within our samples. Umbilical teeth are present on the 
(pen)ultimate chamber(s) of this taxon (see Plate 3-1), but are variable in size, and 
can be broken and/or obscured by sediment infilling of the aperture. Hence we do not 
recommend over-reliance on the presence or absence of umbilical teeth as a defining 
morphological characteristic when picking specimens for generating 
palaeoceanographic records.  
To help shed light on these taxonomic issues and to assess the geochemical relevance 
of the variable morphological concepts, we separate “D.” venezuelana into three 
distinct morphotypes: 1, specimens with a kummerform, flattened, final chamber and 
rectangular aperture (Plate 3-1 1a-f); 2, individuals possessing kummerform, 
flattened, final chambers and low arched (often asymmetrical) apertures (Plate 3-1 
2a-f); and 3, specimens with a large, embracing final chamber and rectangular 
aperture (Plate 3-1 3a-f). In some specimens of morphotype 2 it is difficult to 
distinguish the cantilevered final chamber from a bulla (for example Plate 3-1 2a). 
Every effort is made to verify that these are true final chambers through high 
magnification examination of the aperture and chamber arrangement in all views, 
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however, in the absence of a final chamber tooth (for example Plate 3-1 2d), it is 
almost impossible to definitively show this is not a bulla. All morphotypes have tests 
with a broadly circular profile, low trochospire and four ovate chambers in the final 
whorl. All specimens possess the coarse cancellate wall texture characteristic of “D.” 
venezuelana. 
3.3.2 Sample preparation  
Samples were dried in an oven at 50°C, then gently disaggregated in deionised water 
using a shaker table and washed over a 63 µm sieve. Single species of foraminifera 
were then picked from multiple size fractions (212-250, 250-300, 300-355, 355-400, 
400-450, 450-500 µm) to obtain 1.2 mg of test calcite per size fraction for each 
species. Specifically, the three morphotypes of “D.” venezuelana were picked along 
with Catapsydrax ciperoensis, Catapsydrax dissimilis, Catapsydrax indianus, 
Globigerinoides altiaperturus, Globigerina bulloides, “Globigerinoides” primordius, 
Paragloborotalia bella, and Paragloborotalia siakensis/mayeri (Plate 3-2). Two 
species of benthic foraminifera, Cibicidoides mundulus and Oridorsalis umbonatus 
were also picked for comparison with planktic foraminifera. All tests within each 
species, single size fraction separate were gently broken open between two glass 
slides under the light microscope, homogenised and then split. Approximately 200 µg 
of each sample was used for stable isotope analysis. Where enough material was 
available, 1 mg of mono-specific broken-open test calcite was analysed for Mg/Ca.  
3.3.3 Stable isotope analysis 
Samples were ultrasonicated in deionised water to remove clays and other adhering 
particles before analysis of stable carbon and oxygen isotopes by a gas source mass 
spectrometer (Europa GEO 20-20) equipped with an automatic carbonate preparation 
system (CAPS). Results are presented in the delta notation in ‰ relative to Vienna 
Pee Dee Belemnite (VPDB). Replicate analyses of an in-house standard are calibrated 
to NBS-19 and yield a routine external reproducibility of 0.065‰ for δ18O and 
0.031‰ δ13C.  
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3.3.4 Mg/Ca analysis 
Adhering clay particles were removed through ultrasonication in deionised water and 
methanol. Samples were then subject to first reductive then oxidative cleaning to 
remove ferromanganese oxide coatings and organic matter, respectively. Finally, the 
calcite tests were subjected to a weak acid “polish” to remove any re-absorbed ions 
(Boyle and Keigwin, 1985; Rosenthal et al., 1997; Rosenthal et al., 1999; Hathorne, 
2004). 
Foraminiferal calcite was dissolved in 500 µl of 0.075 M HNO3. An aliquot of this 
solution was diluted to give a concentration of approximately 3 ppm Ca. Samples 
were then analysed for Mg and Ca concentrations using a Perkin-Elmer Optima 4300 
DV inductively coupled plasma – optical emission spectrometer (ICP-OES). The 
internal reproducibility of the Mg/Ca ratios, determined by 10 replicate analyses of 
five multi-element solutions, is <0.21% (1σ; Greaves et al., 2008; Green et al., 2003). 
3.4 Results  
3.4.1 Inter-species stable isotope composition 
In Figure 3-3, we plot δ18O and δ13C for benthic and planktic foraminifera from each 
of our four study samples (Panels I through IV). The sizes of the data points are 
schematically representative of the size fraction of tests analysed. The planktic 
foraminifera fall into three distinct groups, (i) G. bulloides, “G.” primordius, and G. 
altiaperturus, have low δ18O (~ -2‰) and high δ13C (~ +2.5‰), (ii) C. dissimilis, C. 
ciperoensis, and C. indianus form a group with high δ18O (~ +1‰) and low δ13C 
values (~ +1‰), and (iii) P. bella, P. siakensis/mayeri, and “D.” venezuelana 
(morphotype 1) display intermediate δ18O and δ13C values. Benthic foraminifera yield 
the highest δ18O and lowest δ13C values of all. δ13C in O. umbonatus is consistently 
~1.5‰ lower than in C. mundulus. δ18O in G. bulloides (a surface dweller in the 
modern ocean) is 3.48 to 3.24‰ lower than the δ18O of O. umbonatus. The δ18O and 
δ13C values within each “D.” venezuelana morphotype vary by up to 0.9‰ and 0.5‰ 
respectively. Data for the three morphotypes plot within the same isotopic range as 
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one another both before (Figure 3-3 I′) and after (Figure 3-3 IV′) the Mi-1 event 
(Figure 3-1). 
3.4.2 δ18O, δ13C, and Mg/Ca variation with test size 
Figure 3-4 shows that, in general, in all three morphotypes of “D.” venezuelana, δ18O 
increases with increasing test size in sample I (Figure 3-4b). δ18O values show no 
further increase above the 355-400 µm size fraction. Mg/Ca data for sample I show a 
trend similar to that seen in δ18O with values decreasing by >0.5 mmol/mol across the 
size fraction range measured (Figure 3-4d). A different distribution, however, is 
observed in δ18O and Mg/Ca with test size in sample IV (Compare Figure 3-4a and c 
with Figure 3-4b and d) where variation in δ18O and Mg/Ca of “D.” venezuelana 
within a single size fraction is greater and no obvious trend in δ18O or Mg/Ca is seen 
with test size. δ13C values are tightly grouped within individual size fractions of all 
“D.” venezuelana morphotypes analysed both in sample I and sample IV (Figure 
3-4e & f). In both samples, δ13C increases with increasing test size by approximately 
0.5‰ between 212 and 500 µm.  
 
Figure 3-3: δ18O and δ13C in foraminiferal calcite recovered from ODP Site 925. The four 
samples (I – IV) span the O/M boundary. I′ and IV′ are enlarged sections of plots I and IV 
showing all “D.” venezuelana morphotypes (morphotype 1 in dark blue, morphotype 2 in 
green and morphotype 3 in light blue). The colour and the size of the symbol schematically 
represent the species and the size fraction. 
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Figure 3-4: Changes in δ18O, δ13C and Mg/Ca with test size of “D.” venezuelana. 
Morphotype 1 (dark blue circles), 2 (green circles) and 3 (light blue circles). Mg/Ca 
temperature is derived from an “all species” calibration (Equation 3-1; Anand et al., 2003). 
δ18O temperature is derived from Equation 3-3 (Bemis et al., 1998). Temperature scales 
apply only to Panels b and d (sample I) and not to Panels a and c (see text for details). 
Lines in Panels e and f represent the δ13C gradients of modern symbiotic (solid red lines; 
Globigerinoides ruber (both pink and white), Globigerinoides aequilateralis, 
Globigerinoides sacculifer (both with and without sac), Neogloboquadrina dutertrei, 
Globigerinoides conglobatus, and Orbulina universa) and asymbiotic planktic foraminifera 
(black dashed lines; Globorotalia menardii, Globorotalia truncatulinoides, Pulleniatina 
obliquiloculata, Globorotalia crassaformis, Globorotalia tumida) from two western 
equatorial Atlantic sites (Ravelo and Fairbanks, 1995). 
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3.5 Discussion 
3.5.1 Inter and intra-specific calcification depths 
δ13C in foraminiferal test calcite is dependent on the isotopic signature of dissolved 
inorganic carbon (DIC) in seawater. DIC is removed from seawater during primary 
production, and 12C is removed in preference to 13C. For this reason, the DIC in 
surface seawater is isotopically “heavy”, whereas deep waters are isotopically “light” 
because of remineralisation of 12C-enriched organic material (Kroopnick, 1985). 
Foraminiferal δ13C is affected by this and a number of other processes that change as 
a function of depth, such as the photosynthetic activity of symbionts, and irradiance 
levels (Spero and Williams, 1988; 1989).  
The oxygen isotopic composition of ambient seawater (δ18Osw; controlled by ice 
volume and salinity), and temperature of calcification are the primary controls on the 
δ18O of foraminiferal calcite (δ18Oc). Within individual samples at a given location in 
the ocean, the most important effect on δ18Oc is temperature; calcification at lower 
temperatures producing higher δ18Oc (Emiliani, 1955). The thermal gradient of the 
water column in tropical regions means that δ18Oc can change by as much as 4‰ 
between species that reside in the mixed layer and species that live deeper in the 
water column (Biolzi, 1983). Temperature changes most rapidly with depth through 
the thermocline, therefore, planktic foraminifera calcifying within the thermocline 
should record a greater change in δ18O than in δ13C with increasing depth (Pearson et 
al., 1993). 
In this way, foraminiferal δ18O and δ13C can be used to assess the depth habitat of 
different species and morphotypes from our four samples (Figure 3-3 I to IV). The 
δ18O and δ13C values of benthic foraminifera are used to constrain temperature and 
δ13C in deep waters at this site, respectively. δ13C is lower in O. umbonatus than in C. 
mundulus, consistent with the view that O. umbonatus, in general, occupies a shallow 
infaunal niche below the sediment-water interface, whereas C. mundulus calcifies 
epifaunally (Rathburn and Corliss, 1994). Our stable isotope data for planktic 
foraminifera shown in Figure 3-3 indicate that G. bulloides, “G.” primordius, and G. 
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altiaperturus are surface dwellers (lowest δ18O and highest δ13C), P. bella and P. 
siakensis/mayeri are thermocline dwellers, and C. dissimilis, C. ciperoensis, and C. 
indianus are sub-thermocline dwellers (highest δ18O and lowest δ13C).  
Our δ18O and δ13C data for “D.” venezuelana morphotype 1 suggest that this taxon 
calcified in the lower thermocline in all four samples spanning the O/M boundary at 
Ceara Rise (Figure 3-3 I to IV), with no indication of calcification in the mixed layer, 
as observed in the equatorial Pacific and Gulf of Mexico (Poore and Matthews, 1984; 
Wade et al., 2007). Our inferred lower thermocline depth habitat for “D.” 
venezuelana is consistent with the limited data previously available from O/M 
boundary sediments in the equatorial Atlantic (Biolzi, 1983; Pearson et al., 1997; 
Pearson and Wade, 2009). This observation prompts us to question whether the 
variation in inferred calcification depth of “D.” venezuelana in the literature (Figure 
3-2) is a geographical or temporal phenomenon. We note that studies of material pre-
dating the mid-Oligocene assign a surface water habitat to “D.” venezuelana (Poore 
and Matthews, 1984; Wade et al., 2007), whereas analyses of material of mid-
Miocene or younger age report a deep-water calcification depth for “D.” venezuelana 
(Barrera et al., 1985; Keller, 1985; Hodell and Vayavananda, 1993; Norris et al., 
1993; Pearson and Shackleton, 1995; Pearson et al., 2001; Smart and Thomas, 2006). 
Taken together with our new results, this observation suggests that “D.” venezuelana 
has changed its depth habitat over time. A habitat shift such as this has also been 
invoked to explain a mid-Oligocene (~27 Ma) increase in the δ18O time series of 
“D.” venezuelana in the absence of an associated shift in benthic δ18O (Wade and 
Pälike, 2004). A study of O/M boundary planktic foraminifera in the Indian Ocean 
reports a lowermost thermocline to sub-thermocline depth habitat for “D.” 
venezuelana (Spezzaferri and Pearson, 2009), which in conjunction with previous 
studies and our new data suggests that the transition from a surface to a sub-
thermocline habitat was complete shortly after the early Miocene. Changes in 
preferred calcification depth of planktic foraminifera are not uncommon on long 
(geological) timescales; taxa are reported to have shifted habitat both up (e.g. Coxall 
et al., 2000; Coxall et al., 2007)  and down (e.g. Norris et al., 1993)  the water column 
through time. 
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In our dataset, δ18O and δ13C fall within the same range for all three morphotypes of 
“D.” venezuelana (Figure 3-3 I′ and IV′), implying the same (lower thermocline) 
depth habitat. This consistency is true for samples from both the upper Oligocene (I) 
and the lower Miocene (IV). The close similarity in inferred calcification depth for all 
three morphotypes strongly suggests that they need not be separated where large 
samples are required (e.g., to generate palaeoceanographic records of silicate 
weathering using Nd and Li isotope methods). 
3.5.2 Geochemical changes with ontogeny 
3.5.2.1 Late Oligocene (Sample I) 
In our upper Oligocene sample there is tight grouping of δ18O and Mg/Ca within each 
size fraction of “D.” venezuelana, for all three morphotypes (Figure 3-4b and d). 
These data suggest that smaller “D.” venezuelana calcify under the warmest 
conditions, higher in the water column, while intermediate to larger individuals 
calcify in slightly deeper, cooler waters.  
The covariation in Mg/Ca and δ18O within sample I implies that temperature is the 
dominant control on δ18Oc, given the strong temperature dependence of Mg/Ca in 
planktic foraminiferal calcite (Elderfield and Ganssen, 2000; Anand et al., 2003). The 
temperature of calcification can be estimated from Mg/Ca as follows, using the 
multispecies calibration of Anand et al., (2003), 
  Mg/Caforam = 0.38 exp (0.090*T)     Equation 3-1 
where T is temperature (°C) and Mg/Caforam is the Mg/Ca of foraminiferal calcite, 
reported in mmol/mol. Using this equation we calculate calcification temperatures for 
“D.” venezuelana in our upper Oligocene sample ranging from ~ 20 to ~ 22 ºC. It is 
important to note that, although Equation 3-1 is generally applicable to all modern 
planktic foraminifera species, the values of the constants are species specific (Anand 
et al., 2003). “D.” venezuelana is an extinct taxa, so we cannot evaluate directly the 
extent to which these constants are appropriate. However, substituting the constants 
in Equation 3-1 with those determined for Neogloboquadrina dutertrei, a modern 
thermocline-dwelling species, yields Mg/Ca temperatures that are only about 1 ºC 
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warmer. A more important source of uncertainty in absolute temperatures is that  
Equation 3-1 assumes the Mg/Ca ratio of seawater of the Oligo-Miocene is the same 
as it is today, while numerous lines of evidence suggest that the Mg/Ca ratio of 
seawater has increased over the Cenozoic (Wilkinson and Algeo, 1989; Hardie, 1996; 
Stanley and Hardie, 1998; Dickson, 2002; Tyrrell and Zeebe, 2004; Coggon et al., 
2010; Broecker and Yu, 2011). Assuming that seawater Mg/Ca was lower in the late 
Oligocene than today, failure to adjust for this factor yields artificially cool 
calcification temperatures. We evaluate this effect by adjusting the pre-exponent (cf. 
Lear et al., 2000) of the Anand et al., (2003) temperature equation as follows,
 
 
    Equation 3-2 
where Mg/Casw is the Mg/Ca composition of modern seawater (~5.17 mol/mol) and 
Mg/Casw-OM is the estimated Mg/Ca composition of the ocean at O/M boundary time. 
Estimates of the secular shifts in oceanic Mg/Ca composition yield Mg/Casw-OM 
values ranging from 2 mol/mol (Coggon et al., 2010) to 4 mol/mol (Wilkinson and 
Algeo, 1989). Using this range of Mg/Casw-OM estimates in Equation 3-2, calcification 
temperatures of “D.” venezuelana increase by 3 to 9 ºC compared to our original 
estimates, but the temperature offset between size fractions does not change, hence, 
for simplicity we use the modern value of Mg/Casw for Mg/Ca based temperatures in 
Figure 3-4.  
The temperature of calcification can also be estimated from δ18O. We use the 
temperature calibration for the modern planktic foraminifera Orbulina universa (low 
light) from Bemis et al., (1998), 
T (°C) = 16.5 – 4.8 (δ18Oc - δ18Osw)     Equation 3-3 
where δ18Osw for late Oligocene time is assumed to be  -0.5‰ (Lear et al., 2004). 
Applying Equation 3-3 to our data, we obtain calcification temperatures for “D.” 
venezuelana that are, on average, ~ 4°C lower than corresponding Mg/Ca-derived 
temperatures. δ18O temperature calibrations are also species specific and the use of a 
temperature calibration for the modern planktic foraminifera G. bulloides (Bemis et 
al., 2000) yields δ18O temperatures for “D.” venezuelana that are a further 3°C lower 
but, once again, the range of temperatures calculated using δ18Oc is not sensitive to 
!
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choice of calibration. Discrepancy between δ18O- and Mg/Ca-derived estimates of 
absolute temperature is not unexpected in planktic foraminifera with a “frosty” 
taphonomy such as those from ODP Site 925, because of the apparently greater 
susceptibility of δ18Oc to diagenetic alteration on the sea floor compared to Mg/Ca 
(Sexton et al., 2006). Yet the range of calcification temperatures calculated for all 
morphotypes of “D.” venezuelana (2-3°C) across all size fractions in our upper 
Oligocene sample is similar to that calculated from Mg/Ca. 
The thermocline of the modern Ceara Rise exhibits negligible seasonal variation in 
depth and has a maximum temperature gradient of 1.3°C per 10 m increase in water 
depth (Levitus and Boyer, 1994). Our calculated 2 to 3°C range in calcification 
temperature, estimated using two independent temperature proxies, is very consistent 
with findings of previous studies (Wade et al., 2007; Nathan and Leckie, 2009) and 
suggests that “D.” venezuelana migrates vertically downwards in the water column 
during its life cycle by up to 20 m. We conclude, therefore, that the anomalously low 
δ18O value of “D.” venezuelana recorded in the equatorial Pacific may at least in part 
result from, as suggested by Wade et al., (2007), the use of the smaller and restricted, 
300-355 µm size fraction. 
3.5.2.2 Early Miocene (Sample IV) 
Our data show greater spread in δ18O and Mg/Ca in the early Miocene (Figure 3-4a & 
c) than is the case for the late Oligocene, with no consistent pattern of change with 
test size. We consider two potential explanations to account for these observations; 
firstly, poorer sample preservation in the early Miocene, and secondly, instability of 
the tropical Atlantic thermocline in the early Miocene. 
At low latitudes, in general, planktic δ18O increases during post-depositional 
alteration because of the steep vertical oceanic temperature gradient, however Mg/Ca 
can either increase or decrease depending on the partition coefficients of Mg into 
biogenic vs. inorganic calcite (Sexton et al., 2006). We note four lines of evidence 
that suggest that our Oligocene versus Miocene results in test δ18O and Mg/Ca are not 
attributable to the diagenetic histories of the samples analysed. (i) During our 
examination of ODP Site 925 material under the binocular light microscope we 
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observed no discernable taphonomic offset between material of late Oligocene and 
early Miocene age. (ii) The preservation of “D.” venezuelana in both samples can 
also be assessed by scanning electron microscope (SEM) analysis of test wall 
textures. Plate 3-3 shows that tests from both samples have been subject to 
recrystallisation, and can be considered to exhibit “frosty” taphonomy in the 
nomenclature of Sexton et al., (2006). Test architecture at the micron scale has been 
obscured by cemented overgrowths of inorganic calcite; however, the coarse 
cancellate wall structure is still visible in all of the tests examined. The degree of 
surface recrystallisation is shown to be similar in both samples. (iii) Cross sections 
through the test wall are shown in Plate 3-4. A distinctive layer, marking the original 
position of the primary organic membrane (POM), the site of initial calcification, is 
still visible in all specimens. Post depositional precipitation of inorganic calcite inside 
tests has the potential to obscure primary shell chemistry. However, we find the 
extent to which this internal recrystallisation has taken place to be no more 
pronounced in our lower Miocene sample (Plate 3-4 IV a-e) than in our upper 
Oligocene sample (Plate 3-4 I a-e). (iv) Oligocene and Miocene age ODP cores from 
Ceara Rise exhibit changes in calcium carbonate content that are linked to inferred 
glacial-interglacial cycles. Glacial intervals, characterised by high benthic δ18O 
(Zachos et al., 2001; Pälike et al., 2006a), coincide with peaks in magnetic 
susceptibility and low colour reflectance. These dark bands result from carbonate 
dissolution and contain poorer preserved microfossils (Shipboard Scientific Party, 
1995a). Based on colour reflectance data, calibrated versus low-resolution weight 
percent calcium carbonate, we estimate the carbonate content of our upper Oligocene 
and lower Miocene samples to be, respectively, 61% and 63%; a feature that, along 
with our other observations, suggests preservation between samples is comparable. 
We also consider the possibility that the different ontogenetic results that we obtain 
for δ18O and Mg/Ca in our Oligocene versus Miocene samples are attributable to 
instability in the tropical Atlantic thermocline in the early Miocene. Global coupled 
climate models suggest that there were considerable changes in ocean circulation 
from the late Oligocene to the early Miocene, including a flow reversal through the 
Central American Seaway (CAS) that bathed the Caribbean Sea and western 
Geochemical assessment of the palaeoecology, ontogeny, morphotypic variability and 
palaeoceanographic utility of “Dentoglobigerina” venezuelana 
82 
equatorial Atlantic in cooler, less saline Pacific waters (von der Heydt and Dijkstra, 
2005; von der Heydt and Dijkstra, 2006; Bernsen and Dijkstra, 2010). In these 
simulations, the persistence of eastern equatorial winds maintains a westward flow of 
uppermost surface waters forcing the bulk of the newly induced eastern flow through 
the CAS to occur at depths of 100m (von der Heydt and Dijkstra, 2005; von der 
Heydt and Dijkstra, 2006). Input of Pacific waters, sourced from seasonal upwelling 
zones, is thought to have reduced the surface temperature of the tropical equatorial 
Atlantic by more than 1 °C (von der Heydt and Dijkstra, 2005). Given the depth of 
flow, upwelling source, and magnitude of cooling induced by the Pacific waters 
entering the Atlantic Ocean during the early Miocene it is reasonable to expect 
seasonal shifts in the thermocline at Ceara Rise that might act to help obscure 
systematic variations in δ18O and Mg/Ca of “D.” venezuelana with test size. Species 
inhabiting the tropics exhibit little seasonal variation in calcification rate (Kucera et 
al., 2007) allowing “D.” venezuelana, with its high geochemical sensitivity to 
changes in vertical temperature regime, to capture such intra-annual temperature 
variation. High variability of stable isotope data in “D.” venezuelana, relative to 
other planktic foraminifera, is also reported in mid-Miocene samples from the 
western equatorial Pacific, for which similar thermocline instability is invoked 
(Nathan and Leckie, 2009). If our interpretation is correct, then the potentially 
implied changes in ocean circulation will have important implications for some 
silicate weathering proxies, particularly those with short ocean residence times, such 
as neodymium. 
3.5.3 Symbiont palaeoecology 
Steep carbon isotopic gradients with increasing planktic foraminiferal test size are 
generally associated with photosymbiont activity, specifically of dinoflagellates, 
whereas shallow gradients are more commonly associated with asymbiotic or 
chrysophyte symbiont-bearing species (Spero and Williams, 1988; Pearson et al., 
1993; D'Hondt et al., 1994; Elderfield et al., 2002; Bornemann and Norris, 2007). To 
investigate the potential footprint of photosymbionts in our “D.” venezuelana 
specimens, we compare our multiple size fraction δ13C data in Figure 3-4e and f to 
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similar data from known photosymbiont bearing and asymbiotic planktic foraminifera 
recovered from modern core-tops at two western equatorial Atlantic sites (Ravelo and 
Fairbanks, 1995). We normalise these core-top δ13C data by matching the y-intercept 
of each line of best fit to that of our “D.” venezuelana δ13C results from sample I and 
sample IV. This exercise allows us to adjust for temporal changes in oceanic δ13C 
(Figure 3-1) and thereby isolate the δ13C gradient. Solid red lines in Figure 3-4e & f 
depict the steeper δ13C gradients (∆δ13C/100 µm >0.2‰) of known photosymbiont 
bearing planktic foraminifera, whereas the dashed black lines show the more modest 
gradients (∆δ13C/100 µm <0.2‰) of living asymbiotic taxa. These data describe a 
continuum of gradients rather than two completely distinct populations presumably 
reflecting other influences on test δ13C (e.g. physiological effects or symbiont type) 
that sometimes make the application of this approach to fossil taxa less than 
straightforward (e.g. Bornemann and Norris, 2007; Norris, 1998; Norris and Wilson, 
1998). 
The shallow δ13C gradient that we document in the Miocene for sample I lies within 
the zone of known modern asymbiotic taxa while the data for sample IV fall on the 
dividing line between modern asymbiotic and dinoflagellate-bearing taxa. The only 
moderate enrichment of 13C in larger “D.” venezuelana specimens, along with its 
inferred lower thermocline depth habitat, implies that this species is asymbiotic 
(rather than hosting chrysophyte symbionts) similar to many Oligocene planktic 
foraminifera (Wade et al., 2008).  
3.6 Conclusions and Implications 
The planktic foraminifera species “D.” venezuelana appears to have calcified within 
the lower thermocline during the late Oligocene and the early Miocene at Ceara Rise 
in the western equatorial Atlantic. This means that variations in the chemical 
composition of the tests over this interval should reflect environmental changes in 
ocean chemistry, rather than changes in depth habitat. However, over longer time 
periods (tens of millions of years), “D.” venezuelana appears to have shifted its depth 
of calcification from surface waters, to thermocline (during the late Oligocene to 
early Miocene), to sub-thermocline waters. This secular change from surface to deep-
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water depth habitat must be taken into consideration when interpreting long-term 
records. For example, Li/Ca ratios in planktic foraminifera may be, in part, regulated 
by the carbonate ion concentration [CO32-] of seawater (Hall and Chan, 2004). [CO32-
] decreases with depth in the oceans, therefore a change in calcification depth of “D.” 
venezuelana from the early Oligocene to late Miocene may act to amplify or dampen 
changes in the Li concentration of seawater. 
Detailed analyses of δ18O, δ13C and Mg/Ca in different size fractions, in conjunction 
with previous studies, reveal that, in the late Oligocene, “D.” venezuelana shows 
ontogenetic variations in its depth habitat with younger specimens calcifying high in 
the water column followed by a descent to deeper calcification depths in the later 
stages of development. We therefore recommend the use of the large, >355 µm, size 
fraction for the purposes of generating geochemical time-series records (e.g. Nathan 
and Leckie, 2009). These ontogenetic changes are not evident in our early Miocene 
data, possibly indicating instability of the Miocene thermocline.  
Finally, we have distinguished three morphotypes of “D.” venezuelana in this study, 
which all appear to have the same palaeoecology. While it remains important to 
separate these morphotypes from species that share morphologically similarities, 
(such as D. globosa and D. altispira, that were lower mixed layer or upper 
thermocline dwellers; e.g. Gasperi and Kennett, 1993; Hodell and Vayavananda, 
1993; Pearson and Shackleton, 1995), and further investigation is required to quantify 
the impact (or lack thereof) of grouping these morphotypes on palaeoceanographic 
proxies not included in this study (i.e. Li/Ca), our finding that different morphotypes 
of “D.” venezuelana are palaeoecologically inseparable is good news for 
geochemical proxy techniques that rely on the availability of unusually large samples 
of mono-specific foraminiferal calcite. 
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3.7 List of species 
3.7.1 Planktic foraminifera 
Catapsydrax ciperoensis (Cushman and Bermúdez, 1937) 
Catapsydrax dissimilis (Cushman and Bermúdez, 1937) 
Catapsydrax indianus Spezzaferri and Pearson, 2009 
"Dentoglobigerina" venezuelana (Hedberg, 1937); see Pearson and Wade (2009) for 
further details. 
Globigerina bulloides d'Orbigny, 1926 
Globigerinoides altiaperturus Bolli, 1957 
“Globigerinoides” primordius Blow and Banner, 1962 
Paragloborotalia bella (Jenkins, 1967) 
Paragloborotalia siakensis/mayeri (LeRoy, 1939/Cushman and Ellisor, 1939) 
3.7.2 Benthic foraminifera 
Cibicidoides mundulus (Brady, Parker, and Jones, 1888) 
Oridorsalis umbonatus (Reuss, 1851) 
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Plate 3-1: Scanning electron microscope images of “Dentoglobigerina” venezuelana 
morphotypes from ODP Site 925. All scale bars are 100 µm. 1(a-f). “D.” venezuelana 
morphotype 1, 1(a-c). Umbilical views, 154-925A-24R-5W, 22-24 cm, 1d. Spiral view, 
154-925A-22R-7W, 30-32 cm, 1e. Side view of specimen 1c, 1f. Detailed wall texture and 
apertural view of specimen 1c. 2(a-f). “D.” venezuelana morphotype 2 (low arched 
aperture), 2(a-c).  Umbilical views, 154-925A-24R-5W, 22-24 cm, 2d. Detailed wall 
texture and apertural view of specimen 2a, 2e. Side view of specimen 2c, 2f. Detailed wall 
texture and apertural view of specimen 2c, 3(a-f). “D.” venezuelana morphotype 3 (large 
final chamber), 3(a-c). Umbilical views, 154-925A-24R-5W, 22-24 cm, 3d. Detailed wall 
texture and apertural view of specimen 3a, 3e. Side view, 154-925A-22R-7W, 30-32 cm, 
3f. Detailed wall texture and apertural view of specimen 3c. 
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Plate 3-2: Scanning electron microscope images of Oligocene and Miocene planktic 
foraminifera from ODP Site 925 illustrating species concepts adopted in this study. All 
scale bars are 100 µm. 1(a-c). Globigerinoides primordius, 154-925A-22R-7W, 30-32 cm, 
1a. Umbilical view, 1b. Spiral view, 1c. Side view, 2(a-c). Globigerinoides altiaperturus, 
154-925A-22R-7W, 30-32 cm, 2a. Umbilical view, 2b. Spiral view, 2c. Side view, 3(a-b). 
Globigerina bulloides, 154-925A-22R-7W, 30-32 cm, 3a. Umbilical view, 3b. Spiral view, 
4(a-c). Paragloborotalia siakensis/mayeri, 154-925A-22R-7W, 30-32 cm, 4a. Umbilical 
view, 4b. Spiral view, 4c. Side view, 5(a-c). Paragloborotalia bella, 154-925A-22R-7W, 
30-32 cm, 5a. Umbilical view, 5b. Spiral view, 5c. Side view, 6a. Catapsydrax indianus, 
umbilical view, 154-925A-22R-4W, 10-12 cm, 6b. Catapsydrax dissimilis, umbilical view, 
154-925A-22R-7W, 30-32 cm, 6c. Catapsydrax ciperoensis, umbilical view, 154-925A-
22R-7W, 30-32 cm, 6d. Catapsydrax dissimilis, spiral view, 154-925A-22R-7W, 30-32 cm. 
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Plate 3-3: Scanning electron microscope images of “D.” venezuelana morphotype 1 wall 
textures from samples I (upper Oligocene) and IV (lower Miocene). All scale bars are 10 
µm. 
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Plate 3-4: Scanning electron microscope images of “D.” venezuelana morphotype 1 wall 
cross sections. All scale bars are 10 µm. White arrows show the original position of the 
primary organic membrane. IV(a-e). Test cross section images of “D.” venezuelana from 
five different specimens in sample IV (lower Miocene). I(a-e). Test cross section images of 
“D.” venezuelana from five different specimens in sample I (upper Oligocene). 
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Stable isotope and Mg/Ca data for planktic and benthic foraminifera recovered from Oligo-Miocene sediments from ODP Site 925
Age model from Pälike, H., Frazier, J. and Zachos, J.C., 2006. Extended orbitally forced palaeoclimatic records from the equatorial Atlantic Ceara Rise. Quaternary Science Reviews, 25(23-24): 3138-3149.
Sample Depth Age Species No. of !13C !18O Mg/Ca
# Leg Site Hole Core Sec. Int. (mbsf) (Ma) individuals (‰VPDB) (‰VPDB) (mmol/mol)
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 C. ciperoensis >20 1.59
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 C. ciperoensis >20 1.76
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 C. ciperoensis >20 1.78
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 C. ciperoensis >20 1.73
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 C. ciperoensis 4 1.298 0.347
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 C. dissimilis 13 0.842 1.146
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 C. dissimilis >20 1.014 1.106 -
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 C. dissimilis 3 1.101 0.985
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 C. mundulus 2 1.039 1.490
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 212 - 250 "D." venezuelana (morphotype 1) 18 0.973 -0.052
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 "D." venezuelana (morphotype 1) >20 1.261 -0.492 2.33
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 "D." venezuelana (morphotype 1) >20 2.92
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 "D." venezuelana (morphotype 1) 10 1.151 -0.458
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 "D." venezuelana (morphotype 1) >20 1.271 -0.220 2.45
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 "D." venezuelana (morphotype 1) >20 2.59
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 "D." venezuelana (morphotype 1) 14 1.261 -0.323
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 "D." venezuelana (morphotype 1) >20 1.354 -0.422 2.53
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 "D." venezuelana (morphotype 1) 5 1.381 -0.292
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 1) >20 1.322 -0.348 2.49
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 1) >20 2.86
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 1) 5 1.468 0.012
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 1) 5 1.463 -0.526
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 450 - 500 "D." venezuelana (morphotype 1) >20 1.364 0.335 2.48
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 450 - 500 "D." venezuelana (morphotype 1) >20 2.85
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 450 - 500 "D." venezuelana (morphotype 1) 4 1.642 -0.345
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 "D." venezuelana (morphotype 2) 11 1.209 -0.455
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 "D." venezuelana (morphotype 2) 13 0.991 0.425
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 "D." venezuelana (morphotype 2) 7 1.264 -0.780
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 "D." venezuelana (morphotype 2) 10 1.191 -0.318
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 "D." venezuelana (morphotype 2) 7 1.314 -0.366
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 "D." venezuelana (morphotype 2) 5 1.493 -0.588
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 2) 7 1.454 -0.326
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 2) 4 1.441 -0.538
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 450 - 500 "D." venezuelana (morphotype 2) 4 1.393 -0.715
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 "D." venezuelana (morphotype 3) 17 1.139 -0.607
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 "D." venezuelana (morphotype 3) 13 1.402 -0.475
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 "D." venezuelana (morphotype 3) 11 1.408 -0.608
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 3) 7 1.454 -0.478
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 3) 7 1.328 -0.098
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 450 - 500 "D." venezuelana (morphotype 3) 6 1.599 -0.716
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 212 - 250 G. bulloides 23 2.235 -1.804
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 212 - 250 G. bulloides 23 2.302 -1.710
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 G. bulloides >20 3.32
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 O. umbonatus 16 -0.271 1.608
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 212 - 250 P. bella 24 1.245 -0.426
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 212 - 250 P. bella 24 1.249 -0.391
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 P. bella >20 1.220 -0.614 2.10
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 P. bella >20 2.24
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 P. bella 12 1.284 -0.387
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 P. siakensis/mayeri >20 2.35
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 355 - 400 C indianus 4 0.950 0.708
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 400 - 450 C indianus 4 1.015 0.568
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 300 - 355 C. ciperoensis >20 0.814 0.733 1.63
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 355 - 400 C. ciperoensis 6 0.945 0.557
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 355 - 400 C. ciperoensis 5 0.969 0.710
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 400 - 450 C. ciperoensis 5 0.967 0.538
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 450 - 500 C. ciperoensis 5 1.021 0.573
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 400 - 450 C. dissimilis 4 0.982 0.904
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 300 - 355 C. mundulus 6 0.952 1.332
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 250 - 300 "D." venezuelana (morphotype 1) >20 1.143 -1.060 2.45
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 250 - 300 "D." venezuelana (morphotype 1) 19 1.125 -0.679
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 300 - 355 "D." venezuelana (morphotype 1) 13 1.256 -0.577
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 355 - 400 "D." venezuelana (morphotype 1) >20 1.279 -1.092 2.47
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 250 - 300 G. bulloides >20 1.914 -1.903 3.21
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 250 - 300 G. bulloides 13 1.883 -1.854
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 250 - 300 "G." primordius >20 1.878 -1.861 3.11
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 300 - 355 O. umbonatus 23 -0.297 1.576
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 C. ciperoensis 10 1.341 0.878
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 355 - 400 C. ciperoensis 6 1.234 0.741
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 355 - 400 C. ciperoensis 6 1.320 0.744
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 400 - 450 C. ciperoensis 5 1.328 0.787
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 400 - 450 C. dissimilis 5 1.288 0.671
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 C. mundulus 3 1.415 1.390
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 "D." venezuelana (morphotype 1) >20 1.486 -0.398 2.60
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 "D." venezuelana (morphotype 1) 9 1.593 -0.611
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 355 - 400 "D." venezuelana (morphotype 1) 7 1.614 -0.142
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 400 - 450 "D." venezuelana (morphotype 1) 6 1.574 -0.239
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 G. altiapertura 9 2.500 -1.229
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 250 - 300 G. bulloides >20 2.337 -1.590 2.16
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 250 - 300 G. bulloides 15 2.218 -1.337
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 G. bulloides 12 2.322 -1.385
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 G. bulloides 12 2.403 -1.403
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 250 - 300 "G." primordius >20 2.189 -1.706 2.21
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 "G." primordius 10 2.353 -1.268
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 "G." primordius 10 2.362 -1.476
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 O. umbonatus 10 -0.062 1.536
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 250 - 300 P. bella >20 1.539 -0.571 3.10
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 250 - 300 P. siakensis/mayeri >20 1.522 -0.713 2.88
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 C. ciperoensis >20 1.69
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 C. ciperoensis >20 0.325 0.498 1.62
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 C. ciperoensis >20 1.82
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 C. ciperoensis >20 0.495 0.564 1.79
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 C. ciperoensis 5 0.606 0.600
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 C. dissimilis 12 0.330 0.720
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 C. dissimilis >20 1.67
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 C. dissimilis >20 0.477 0.643 1.79
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 212 - 250 "D." venezuelana (morphotype 1) 23 0.503 -0.808
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 1) >20 0.562 -1.068 2.81
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 1) >20 2.84
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 1) 15 0.521 -0.804
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 1) >20 0.591 -0.784 2.69
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 1) >20 2.69
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 1) 9 0.638 -0.593
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 1) 9 0.683 -0.896
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 1) >20 0.464 -0.314 2.40
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 1) >20 2.52
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 1) 8 0.654 -0.501
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 1) >20 0.637 -0.604 2.36
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 1) >20 2.36
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 1) 8 0.772 -0.590
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 1) >20 0.658 -0.490 2.49
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 1) >20 2.32
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 1) 7 0.728 -0.635
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 2) 11 0.575 -1.003
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 2) 9 0.475 -0.818
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 2) 12 0.481 -0.768
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 2) 11 0.612 -0.636
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 2) 9 0.569 -0.408
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 2) 7 0.692 -0.448
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 2) 10 0.685 -0.634
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 2) 4 0.598 -0.349
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 2) 6 0.674 -0.667
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 2) 4 0.751 -0.669
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 3) 19 0.421 -0.864
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 3) 16 0.551 -0.685
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 3) 21 0.556 -0.516
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 3) 11 0.685 -0.643
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 3) 11 0.578 -0.483
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 3) 19 0.652 -0.610
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 3) 10 0.668 -0.523
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 3) 10 0.612 -0.444
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 3) 13 0.683 -0.684
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 3) 5 0.696 -0.520
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 3) 10 0.665 -0.614
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 3) 7 0.838 -0.715
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 212 - 250 G. bulloides 23 1.330 -2.117
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 G. bulloides 10 1.708 -1.875
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 O. umbonatus 3 -0.884 1.332
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 212 - 250 P. bella 20 0.788 -1.443
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 212 - 250 P. bella 20 0.731 -1.394
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 P. bella >20 2.31
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 P. siakensis/mayeri >20 1.94
Sample Test size
(µm)
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Sample Depth Age Species No. of !13C !18O Mg/Ca
# Leg Site Hole Core Sec. Int. (mbsf) (Ma) individuals (‰VPDB) (‰VPDB) (mmol/mol)
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 C. ciperoensis >20 1.59
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 C. ciperoensis >20 1.76
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 C. ciperoensis >20 1.78
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 C. ciperoensis >20 1.73
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 C. ciperoensis 4 1.298 0.347
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 C. dissimilis 13 0.842 1.146
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 C. dissimilis >20 1.014 1.106 -
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 C. dissimilis 3 1.101 0.985
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 C. mundulus 2 1.039 1.490
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 212 - 250 "D." venezuelana (morphotype 1) 18 0.973 -0.052
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 "D." venezuelana (morphotype 1) >20 1.261 -0.492 2.33
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 "D." venezuelana (morphotype 1) >20 2.92
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 "D." venezuelana (morphotype 1) 10 1.151 -0.458
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 "D." venezuelana (morphotype 1) >20 1.271 -0.220 2.45
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 "D." venezuelana (morphotype 1) >20 2.59
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 "D." venezuelana (morphotype 1) 14 1.261 -0.323
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 "D." venezuelana (morphotype 1) >20 1.354 -0.422 2.53
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 "D." venezuelana (morphotype 1) 5 1.381 -0.292
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 1) >20 1.322 -0.348 2.49
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 1) >20 2.86
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 1) 5 1.468 0.012
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 1) 5 1.463 -0.526
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 450 - 500 "D." venezuelana (morphotype 1) >20 1.364 0.335 2.48
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 450 - 500 "D." venezuelana (morphotype 1) >20 2.85
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 450 - 500 "D." venezuelana (morphotype 1) 4 1.642 -0.345
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 "D." venezuelana (morphotype 2) 11 1.209 -0.455
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 "D." venezuelana (morphotype 2) 13 0.991 0.425
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 "D." venezuelana (morphotype 2) 7 1.264 -0.780
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 "D." venezuelana (morphotype 2) 10 1.191 -0.318
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 "D." venezuelana (morphotype 2) 7 1.314 -0.366
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 "D." venezuelana (morphotype 2) 5 1.493 -0.588
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 2) 7 1.454 -0.326
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 2) 4 1.441 -0.538
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 450 - 500 "D." venezuelana (morphotype 2) 4 1.393 -0.715
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 "D." venezuelana (morphotype 3) 17 1.139 -0.607
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 "D." venezuelana (morphotype 3) 13 1.402 -0.475
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 355 - 400 "D." venezuelana (morphotype 3) 11 1.408 -0.608
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 3) 7 1.454 -0.478
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 400 - 450 "D." venezuelana (morphotype 3) 7 1.328 -0.098
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 450 - 500 "D." venezuelana (morphotype 3) 6 1.599 -0.716
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 212 - 250 G. bulloides 23 2.235 -1.804
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 212 - 250 G. bulloides 23 2.302 -1.710
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 G. bulloides >20 3.32
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 300 - 355 O. umbonatus 16 -0.271 1.608
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 212 - 250 P. bella 24 1.245 -0.426
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 212 - 250 P. bella 24 1.249 -0.391
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 P. bella >20 1.220 -0.614 2.10
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 P. bella >20 2.24
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 P. bella 12 1.284 -0.387
IV 154 925 A 20R 2W 130-132 cm 470.60 21.00 250 - 300 P. siakensis/mayeri >20 2.35
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 355 - 400 C indianus 4 0.950 0.708
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 400 - 450 C indianus 4 1.015 0.568
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 300 - 355 C. ciperoensis >20 0.814 0.733 1.63
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 355 - 400 C. ciperoensis 6 0.945 0.557
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 355 - 400 C. ciperoensis 5 0.969 0.710
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 400 - 450 C. ciperoensis 5 0.967 0.538
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 450 - 500 C. ciperoensis 5 1.021 0.573
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 400 - 450 C. dissimilis 4 0.982 0.904
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 300 - 355 C. mundulus 6 0.952 1.332
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 250 - 300 "D." venezuelana (morphotype 1) >20 1.143 -1.060 2.45
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 250 - 300 "D." venezuelana (morphotype 1) 19 1.125 -0.679
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 300 - 355 "D." venezuelana (morphotype 1) 13 1.256 -0.577
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 355 - 400 "D." venezuelana (morphotype 1) >20 1.279 -1.092 2.47
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 250 - 300 G. bulloides >20 1.914 -1.903 3.21
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 250 - 300 G. bulloides 13 1.883 -1.854
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 250 - 300 "G." primordius >20 1.878 -1.861 3.11
III 154 925 A 22R 4W 10-12 cm 491.70 22.60 300 - 355 O. umbonatus 23 -0.297 1.576
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 C. ciperoensis 10 1.341 0.878
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 355 - 400 C. ciperoensis 6 1.234 0.741
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 355 - 400 C. ciperoensis 6 1.320 0.744
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 400 - 450 C. ciperoensis 5 1.328 0.787
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 400 - 450 C. dissimilis 5 1.288 0.671
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 C. mundulus 3 1.415 1.390
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 "D." venezuelana (morphotype 1) >20 1.486 -0.398 2.60
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 "D." venezuelana (morphotype 1) 9 1.593 -0.611
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 355 - 400 "D." venezuelana (morphotype 1) 7 1.614 -0.142
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 400 - 450 "D." venezuelana (morphotype 1) 6 1.574 -0.239
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 G. altiapertura 9 2.500 -1.229
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 250 - 300 G. bulloides >20 2.337 -1.590 2.16
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 250 - 300 G. bulloides 15 2.218 -1.337
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 G. bulloides 12 2.322 -1.385
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 G. bulloides 12 2.403 -1.403
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 250 - 300 "G." primordius >20 2.189 -1.706 2.21
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 "G." primordius 10 2.353 -1.268
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 "G." primordius 10 2.362 -1.476
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 300 - 355 O. umbonatus 10 -0.062 1.536
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 250 - 300 P. bella >20 1.539 -0.571 3.10
II 154 925 A 22R 7W 30-32 cm 496.40 22.70 250 - 300 P. siakensis/mayeri >20 1.522 -0.713 2.88
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 C. ciperoensis >20 1.69
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 C. ciperoensis >20 0.325 0.498 1.62
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 C. ciperoensis >20 1.82
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 C. ciperoensis >20 0.495 0.564 1.79
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 C. ciperoensis 5 0.606 0.600
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 C. dissimilis 12 0.330 0.720
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 C. dissimilis >20 1.67
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 C. dissimilis >20 0.477 0.643 1.79
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 212 - 250 "D." venezuelana (morphotype 1) 23 0.503 -0.808
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 1) >20 0.562 -1.068 2.81
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 1) >20 2.84
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 1) 15 0.521 -0.804
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 1) >20 0.591 -0.784 2.69
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 1) >20 2.69
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 1) 9 0.638 -0.593
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 1) 9 0.683 -0.896
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 1) >20 0.464 -0.314 2.40
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 1) >20 2.52
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 1) 8 0.654 -0.501
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 1) >20 0.637 -0.604 2.36
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 1) >20 2.36
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 1) 8 0.772 -0.590
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 1) >20 0.658 -0.490 2.49
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 1) >20 2.32
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 1) 7 0.728 -0.635
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 2) 11 0.575 -1.003
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 2) 9 0.475 -0.818
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 2) 12 0.481 -0.768
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 2) 11 0.612 -0.636
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 2) 9 0.569 -0.408
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 2) 7 0.692 -0.448
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 2) 10 0.685 -0.634
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 2) 4 0.598 -0.349
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 2) 6 0.674 -0.667
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 2) 4 0.751 -0.669
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 3) 19 0.421 -0.864
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 "D." venezuelana (morphotype 3) 16 0.551 -0.685
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 3) 21 0.556 -0.516
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 3) 11 0.685 -0.643
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 "D." venezuelana (morphotype 3) 11 0.578 -0.483
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 3) 19 0.652 -0.610
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 3) 10 0.668 -0.523
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 355 - 400 "D." venezuelana (morphotype 3) 10 0.612 -0.444
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 3) 13 0.683 -0.684
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 400 - 450 "D." venezuelana (morphotype 3) 5 0.696 -0.520
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 3) 10 0.665 -0.614
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 450 - 500 "D." venezuelana (morphotype 3) 7 0.838 -0.715
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 212 - 250 G. bulloides 23 1.330 -2.117
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 G. bulloides 10 1.708 -1.875
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 300 - 355 O. umbonatus 3 -0.884 1.332
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 212 - 250 P. bella 20 0.788 -1.443
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 212 - 250 P. bella 20 0.731 -1.394
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 P. bella >20 2.31
I 154 925 A 24R 1W 110-112 cm 507.40 24.20 250 - 300 P. siakensis/mayeri >20 1.94
Sample Test size
(µm)
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4 Trace-element records of palaeo-environmental change across 
the Oligo-Miocene transition 
4.1 Abstract 
Silicate weathering has been suggested as a driver of climate change during the Oligo-Miocene 
transition (23 Ma), yet evidence for this, based on geochemical proxy data, is lacking. The lithium 
concentration of seawater in the past, reconstructed from Li/Ca measurements of ancient planktic 
foraminiferal calcite, is a promising proxy for silicate weathering rates on multi-million year 
timescales. However, environmental factors, such as temperature and carbonate ion saturation 
state, may also govern lithium incorporation into test calcite, making reconstructions of seawater 
lithium concentrations from this substrate less straightforward during intervals of climate change. 
To assess potential changes in silicate weathering across the Oligo-Miocene transition, and any 
influence of environmental factors on foraminiferal lithium concentrations, we have determined 
shell weight data, in addition to Li/Ca, Mg/Ca, Cd/Ca, and U/Ca ratios, for samples of planktic 
foraminifera from ODP Site 926 (Ceara Rise). On short timescales (~100 kyr), Li/Ca increases 
during intervals of high carbonate ion saturation state, during sea level lowstands (inferred from 
published benthic foraminiferal δ18O records). The dependency of Li/Ca on carbonate ion 
saturation state can be used to adjust for carbonate ion effects on planktic Mg/Ca, via the use of 
Mg/Li, allowing calcification temperatures to be estimated. Mg/Li records imply that tropical 
surface water temperatures fell by at least 1°C at the peak of the Mi-1 climate excursion. On 
longer timescales (>1 Myr), Li/Ca is also affected by secular changes in the lithium concentration 
of seawater. We show that planktic foraminiferal Li/Ca values increased by 1 µmol/mol across the 
3 Myr interval of study suggesting that the lithium concentration of seawater, and therefore 
silicate weathering rates, increased across the O/M transition, by as much as 20%. This coincides 
with an interval of early Himalayan uplift and erosion. The draw-down of atmospheric CO2 
associated with silicate weathering may have triggered the expansion of ice sheets on Antarctica 
during the Mi-1 event at 23 Ma. An increase in foraminiferal Cd/Ca during the Mi-1 glaciation 
implies increased supply of nutrients to surface waters at this time, which likely increased 
productivity and promoted the burial of organic carbon. Reduction in bottom water oxygenation is 
inferred from high foraminiferal U/Ca, which also supports increased burial of organic carbon at 
this site. If these results are replicated at other sites, then this raises the possibility that burial of 
organic carbon acted as a catalyst that intensified the Mi-1 glaciation. 
Keywords: Li/Ca, Silicate weathering rate, Mg/Li, Temperature, Mi-1 
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4.2 Introduction 
The Oligocene-Miocene (O/M) boundary at 23 Ma is marked by an abrupt (200 kyr) 
positive excursion (>1.5‰) in the oxygen isotope (δ18O) record measured in benthic 
foraminiferal calcite (Pälike et al., 2006a), classically termed the “Mi-1 event” (after 
the “Mi-1 zone” of Miller et al., 1991), that is now well dated cyclo- and 
magnotostratigraphically to “58Ol-C6Cn” in the scheme of Wade and Pälike, (2004) 
and Pälike et al., (2006b). One-dimensional ice sheet modelling and deep water 
temperature estimates from the Mg/Ca ratio of benthic foraminifera suggest that this 
event represents considerable ice sheet expansion on Antarctica (up to near present-
day Antarctic ice volumes; Liebrand et al., 2011) and deep sea cooling of 
approximately 2°C during glacial inception (Lear et al., 2004). The Mi-1 event is also 
associated with a concomitant perturbation of the carbon cycle as indicated by an 
increase in δ13C of benthic foraminifera (Pälike et al., 2006a). While the orbital 
pacing of this event is now well documented (Paul et al., 2000; Zachos et al., 2001a; 
Zachos et al., 2001b), the dominant processes forcing the carbon cycle during the Mi-
1 event and the global palaeoceanographic consequences of this glaciation remain 
poorly understood.  
Global climate models coupled with dynamic ice sheet models highlight the 
important role that long term (106 yr) decreases in atmospheric pCO2 play in the 
initiation of a glaciation. Mechanisms with the potential to significantly decrease 
pCO2 across the O/M transition include; increases in global silicate weathering rates 
(Raymo and Ruddiman, 1992), a shift of carbonate burial from the continental shelf 
to the deep ocean (i.e. Coxall et al., 2005; Merico et al., 2008), and an increase in the 
ratio of organic carbon to carbonate burial (Paul et al., 2000; c.f. Kump 1991). To 
assess the relative influence of each of these climate forcing mechanisms during 
climatic perturbations such as the Mi-1 event, detailed multi-proxy records for silicate 
weathering, seawater carbonate ion concentration ([CO32-]), nutrient availability, and 
redox-state of the sediments are required. 
Information regarding changes in silicate weathering rates during the Cenozoic rely 
heavily on studies of the Sr isotope composition of seawater (Palmer and Edmond, 
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1989; Richter et al., 1992). In recent years, however, the use of Sr isotopes for this 
purpose has been questioned, because carbonate weathering can be the dominant 
source of radiogenic Sr in some rivers as a result of Sr isotopic equilibration between 
silicate and carbonate phases during metamorphism (Oliver et al., 2003). 
Complications associated with Sr have therefore prompted a search for other proxies 
that provide information on silicate weathering. Studies of modern rivers indicate that 
the concentration, and in some cases isotopic composition, of a number of elements 
including Li, Be, Mg, Nd, Hf, Os and Pb are primarily regulated by silicate 
weathering (Huh et al., 2001; Frank, 2002; Pistiner and Henderson, 2003; Kısakűrek 
et al., 2005; Tipper et al., 2006a; Tipper et al., 2006b). These studies have led to 
attempts to construct alternative records of silicate weathering (e.g. Hathorne and 
James, 2006). To this end, good use has been made of substrates as diverse as 
echinoderm calcite (δ26Mg; de Villiers et al., 2005) and Fe-Mn crusts (10Be/9Be; 
Willenbring and von Blanckenburg, 2010) but arguably the most useful archive for 
this purpose is planktic foraminiferal calcite recovered from deep-sea sediment cores, 
as exemplified by the reconstruction of Cenozoic silicate weathering using Li/Ca and 
lithium isotopic composition of test calcite (Hathorne and James, 2006; Misra and 
Froelich, 2012). The potential of foraminiferal calcite as a substrate for 
reconstructions of past lithium concentrations of seawater ([Li]sw), and hence silicate 
weathering rates has long been recognised (Delaney et al., 1985). However the Li/Ca 
ratio of test calcite may be influenced by multiple palaeoenvironmental factors.  
4.2.1 Controls on the Li/Ca ratio of planktic foraminifera 
The residence time of lithium in the oceans (τLi ~ 1 Myr; Huh et al., 1998) is very 
much greater than the mixing time of the ocean (1.6 kyr); therefore the concentration 
of lithium in seawater ([Li]sw) is globally uniform (modern [Li]sw = 26 µM; Morozov, 
1968; Tomascak, 2004). On timescales greater than τLi, [Li]sw is governed by the 
balance between lithium inputs to the ocean from continental weathering and high 
temperature hydrothermal fluids and oceanic sinks via low temperature alteration of 
basalts and removal into marine sediments (Stoffynegli and Mackenzie, 1984). 
Although early, multi-species planktic foraminifera culture studies reveal a strong 
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linear relationship between the Li/Ca ratio of seawater (Li/Casw) and that measured in 
foraminiferal calcite (Figure 4-1; Delaney et al., 1985), it is now clear, following the 
discovery of wide inter-specific Li/Ca variability in core top samples (Figure 4-2; 
Abell, 2008.; Hathorne and James, 2006), that the controls on foraminiferal Li/Ca are 
complex. In the following two sections we review previous work regarding the effect 
of temperature and carbonate ion saturation state on foraminiferal Li/Ca. 
 
 
 
Figure 4-1: Li/Ca ratios of cultured planktic foraminifera from Delaney et al., (1985). Blue 
markers show natural seawater culture experiments whereas grey symbols show artificial 
seawater cultures. Error bars are 1σ standard deviations where multiple measurements are 
available. 
0 
5 
10 
15 
20 
25 
30 
0 1 2 3 4 5 6 
L
i/
C
a
fo
ra
m
 (
µ
m
o
l/
m
o
l)
 
Li/Casw (mmol/mol) 
O. universa (artificial seawater)  
G. sacculifer (artificial seawater)  
G. sacculifer (natural seawater)  
Trace-element records of palaeo-environmental change across the Oligo-Miocene transition 109 
 
Figure 4-2: Li/Ca ratios of core top planktic foraminifera versus lithium isotope 
composition. Data from Hathorne and James, (2006) and Abell et al., (2008). Hathorne and 
James, (2006) data are coloured according to surface water temperature at core site (red 
symbols, Site GIK15672-2, 28°C; blue symbols, Site M35010-2, 19°C). The green bar 
shows the δ7Li composition of seawater ~31‰ (review by Tomascak, 2004). 
4.2.1.1 Temperature effect on Li/Ca 
The partition coefficient of lithium into inorganic calcite (DLi) exhibits an inverse 
relationship with calcification temperature (Figure 4-3 A; Delaney et al., 1989; 
Marriott et al., 2004a; Marriott et al., 2004b). This is also observed in benthic 
foraminifera, but the response is less pronounced (solid red lines in Figure 4-3 A; 
Hall and Chan, 2004; Marriott et al., 2004b) with the Li/Ca ratio of benthic 
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foraminiferal calcite decreasing by only ~2.5% per °C increase in temperature 
(Marriott et al., 2004b), whereas the Li/Ca  ratio of inorganic calcite decreases by 
3.3% per °C increase in temperature (Marriott et al., 2004a). Li/Ca measurements of 
the planktic foraminifera Orbulina universa also suggest a temperature effect, with 
highest Li/Ca values at high latitudes (Hall and Chan, 2004). However, more recent 
studies of planktic foraminifera recovered from core top material reveal that this 
effect is minor (Hathorne and James, 2006; Abell, 2008), with a change in Li/Ca of 
1.5% per °C being the largest decrease observed between two North Atlantic sites 
(with surface water temperatures of 19°C and 28°C; Figure 4-2; Hathorne and James, 
2006). The role of temperature in determining Li/Ca in planktic foraminiferal calcite 
is considered modest therefore in comparison to that of benthic foraminifera, and is 
likely to be of little significance for single site, down core Li/Ca records. 
 
 
Figure 4-3: Temperature and Δ[CO32-] effects on DLi. Panel A. Temperature effect on DLi 
redrawn from Marriott et al., (2004b) including Li data from brachiopod shell material 
(Delaney et al., 1989), benthic foraminifera (Hall and Chan, 2004; Marriott et al., 2004b), 
inorganic calcite and coral material (Marriott et al., 2004a). Panel B. Δ[CO32-] effect on DLi 
proposed for benthic foraminifera (Lear and Rosenthal, 2006), adjusted for the addition of 
anthropogenic carbon (Lear et al., 2010) and down-core planktic foraminifera (G. ruber 
white) (Abell, 2008). DLi values calculated from (Li/Ca)foram data assuming a (Li/Ca)sw value 
for modern seawater of 2.443 mmol/mol (Hall and Chan, 2004). 
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4.2.1.2 Carbonate saturation state effect on Li/Ca 
Laboratory experiments show that partition coefficients between carbonates and 
fluids for trace elements such as Na (Busenberg and Plummer, 1985) and Sr (Lorens, 
1981; Morse and Bender, 1990) are higher when calcification rates are high. This 
relationship is consistent with surface reaction kinetics, whereby D tends towards 
unity as reaction rates increase (Morse and Bender, 1990). During foraminiferal 
calcification, biological processes also modify D. Figure 4-3 B shows the empirical 
relationship between foraminiferal DLi and deep water carbonate saturation state 
(Δ[CO32-] = [CO32-]in situ - [CO32-]SAT; where [CO32-]SAT is the carbonate ion 
concentration at saturation with respect to calcite; Broecker and Peng, 1982), 
suggested for benthics by Lear and Rosenthal, (2006) and planktics by Abell (2008). 
This observation is supported by multiple studies that document an abrupt decrease (-
4 µmol/mol; ~30 % decrease) in Li/Ca of planktic foraminifera during the transition 
between the last glacial maximum (LGM) and the Holocene (Figure 4-4; Abell, 2008; 
Burton and Vance, 2000; Hall and Chan, 2004; Hall et al., 2005). The magnitude of 
the LGM response in Li/Ca is similar in different species of planktic foraminifera and 
would require such a large change in sea surface temperature (SST; >10 °C) that it 
cannot be attributed solely to temperature change (Burton and Vance, 2000; Hall and 
Chan, 2004; Hall et al., 2005; Abell, 2008). The bulk of this change in Li/Ca is 
therefore attributed to the decrease in carbonate saturation state of surface water 
associated with the increase in pCO2 that preceded the Holocene (Hall and Chan, 
2004; Abell, 2008).  
The positive relationship between carbonate ion saturation state and lithium 
incorporation in foraminiferal calcite resembles that proposed for benthic 
foraminiferal Mg (Martin et al., 2002; Elderfield et al., 2006; Rosenthal et al., 2006; 
Yu and Elderfield, 2008). Planktic Mg/Ca values also decrease when [CO32-]sw is low, 
however this is a result of post-depositional dissolution in deep water (Brown and 
Elderfield, 1996; Rosenthal et al., 2000; Regenberg et al., 2006). Mg/Ca ratios in both 
planktic (Anand et al., 2003) and benthic tests (Lear et al., 2002; Elderfield et al., 
2006) increase strongly with temperature (by ~9 % per °C; Anand et al., 2003). 
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Although widely applied to reconstruct calcification temperatures, the reliability of 
foraminiferal Mg/Ca palaeo-thermometry is greatly diminished during intervals of 
considerable change in carbonate saturation state (i.e. Lear et al., 2000). At these 
times, the carbonate ion effect on Mg/Ca can be disentangled from the temperature 
effect through use of Mg/Li ratios. This is exemplified in a study by Bryan and 
Marchitto, (2008), where the Mg/Li ratios of four species of benthic foraminifera are 
better correlated than Mg/Ca to temperature (e.g. Hoeglundina elegans: Mg/Ca vs. 
Temperature, R2 = 0.49; Mg/Li vs. Temperature, R2 = 0.90), demonstrating the 
potential of Mg/Li ratios as a proxy of calcification temperature. 
 
 
 
Figure 4-4: Records of Li/Ca in planktic foraminifera across the last glacial maximum 
(LGM). Li/Ca of Globorotalia menardii (green line) from ODP Site 758 (Burton and 
Vance, 2000), Orbulina universa (red line) from core OC205-2-103GGC (Hall and Chan, 
2004; Hall et al., 2005), Globigerinoides ruber from ODP Sites 664 (purple line), and 999 
(blue line) (Abell, 2008). Error bars represent the quoted 2σ uncertainties on Li/Ca 
measurements. Grey line shows benthic oxygen isotope stack of Lisecki and Raymo, (2005) 
with Marine Isotope Stages (MIS) highlighted for reference. 
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Here we present paired shell weight and Li/Ca, Mg/Ca, Cd/Ca, and U/Ca records for 
planktic foraminifera recovered from Oligo-Miocene sediments from the equatorial 
Atlantic Ocean. We use these multi-proxy records to assess the controls on lithium 
incorporation into planktic foraminiferal calcite. In turn, this information is used to 
distinguish between silicate weathering ([Li]sw) and the environmental controls on 
foraminiferal Li/Ca, allowing changes in silicate weathering rate across the O/M 
transition to be assessed. These records also give insight into the low latitude 
palaeoceanographic responses to high latitude glacial expansion; bringing us closer to 
an understanding of the global impacts of the Mi-1 event. 
4.3 Methodology 
4.3.1 Geological setting & chronology 
Samples spanning the O/M boundary, were analysed from core sediments between 
428.02 and 491.19 meters below sea floor (mbsf), recovered from ODP Leg 154, Site 
926, Hole B (3°43.148'N, 42°54.507'W, 3598.3 m present water depth; Shipboard 
Scientific Party, 1995). Magnetostratigraphic age control is not available in ODP Leg 
154 sediments, but a high quality magnetostratigraphy is available for ODP Site 
1090, Agulhas Ridge (Billups et al., 2002; Channell et al., 2003) and has been 
correlated to ODP Site 926 (Liebrand et al., 2011). Sample ages are reported relative 
to the astronomically tuned age model of ODP Site 926 (Pälike et al., 2006a). 30 cm3 
sediment samples were taken at approximately 2.5 m intervals down core (~100 kyr 
spacing) increasing to every 30 cm (10 kyr) across the δ18O maximum of Mi-1 to 
capture high frequency geochemical variability.  
4.3.2 Sample preparation and cleaning 
Sediment samples were dried in an oven at 50°C, then gently disaggregated in 
deionised water using a shaker table and washed over a 63 µm sieve. 1 mg mono-
specific foraminiferal calcite samples of the large, abundant and continuous planktic 
species Dentoglobigerina venezuelana (thermocline dweller; Pearson et al., 1997) 
were picked from the 355-400 µm size fraction, following the morphotype 
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description of Stewart et al., (2012). Where abundance permitted, a second planktic 
foraminifera sample set was also picked from the 355-400 µm size fraction of the 
species, Catapsydrax dissimilis (sub-thermocline dweller; Pearson et al., 1997). For 
the purposes of obtaining greater sample mass, specimens of Catapsydrax ciperoensis 
were grouped with C. dissimilis. Such a senu lato species description is permitted 
because these morphologically similar species of Catapsydrax possess 
indistinguishable palaeoecology (Stewart et al., 2012). 
Prior to cleaning, sub-samples of 20 individual tests of each species were taken and 
weighed using a microbalance to give the average shell weight. Adhering clay 
particles were removed by ultrasonication in deionised water and methanol. Samples 
were then subject to first reductive then oxidative cleaning to remove ferromanganese 
oxide coatings and organic matter, respectively. Finally, the calcite tests were given a 
weak acid “polish” to remove any re-adsorbed ions (Boyle and Keigwin, 1985; 
Rosenthal et al., 1997; Rosenthal et al., 1999; Hathorne, 2004). Once cleaned, 
samples were dissolved in 500 µl of 0.075 M HNO3 and transferred into clean vials. 
4.3.3 Analytical techniques 
Prior to full trace element analysis, inductively coupled plasma optical emission 
spectroscopy (ICP-OES) techniques were applied to foraminiferal calcite samples to 
measure the Ca concentration ([Ca]) of sample solutions and assess the percentage 
loss of sample during the cleaning procedure. This information allowed accurate 
dilution of samples to be achieved for matrix matching with standards. An aliquot of 
each sample was diluted to approximately 3 ppm (± 2 ppm) [Ca] in 0.4 M HNO3. 
These solutions were then analysed using a Perkin-Elmer Optima 4300 DV ICP-OES 
following the protocol of Green et al., (2003), for two axial (315.9 and 317.9 nm) and 
one radially viewed (422.7 nm) wavelengths of Ca. 
Following assessment of [Ca], a second aliquot of the dissolved foraminiferal calcite 
samples was taken and diluted to give a 100 ppm Ca solution in 0.24 M HNO3. This 
solution was then analysed using the Perkin Elmer Elan DRC (dynamic reaction cell) 
II inductively coupled plasma mass spectrometer (ICP-MS), against matrix matched 
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synthetic standard solutions, to yield Li/Ca, Mg/Ca, Cd/Ca, and U/Ca ratios. Ratios 
were calculated using the C-factor method of Rosenthal et al., (1999) for which 2σ 
uncertainties (Table 4-1) were calculated based on repeat measurements of two 
foraminiferal calcite consistency standards4 (n=23, for both standards). Auxiliary 
Al/Ca and Mn/Ca measurements were also made during ICP-MS runs to test the 
effectiveness of respectively clay mineral and ferromanganese coating removal.  
 
Table 4-1: External reproducibility (2σ) of trace element measurements by ICP-MS. 
Li/Ca Mg/Ca Al/Ca Mn/Ca Cd/Ca U/Ca 
± 3.4% ± 2.1% ± 11.8% ± 6.9% ± 15.3% ± 4.1% 
 
4.4 Results 
4.4.1 Al/Ca and Mn/Ca  
Al/Ca of cleaned samples of D. venezuelana ranges from 14 to 550 µmol/mol (Figure 
4-5 B), although the majority of samples have Al/Ca <200 µmol/mol. In subsequent 
discussions, only samples with Al/Ca <200 µmol/mol are considered, because these 
are shown to be unaffected by clay contamination (see Supplementary information 2).  
The Mn/Ca of cleaned planktic foraminiferal calcite samples ranges from 500 to 1000 
µmol/mol (Figure 4-5 C). These values are high relative to those usually measured in 
core-top foraminifera (Barker et al., 2003), and probably reflect the presence of Mn-
carbonate overgrowths (Boyle, 1983). These overgrowths however are not considered 
to have significantly modified the concentrations of other trace elements (see 
Supplementary information 2).  
                                                
4 Two Globorotalia truncatulinoides (left and right coiling) consistency standards were picked from 
core-top material, from site CD 166/38, provided by British Ocean Sediment Core Research Facility 
(BOSCORF). 
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Figure 4-5: Testing of cleaning procedure with Al/Ca and Mn/Ca. A. Benthic foraminiferal 
calcite δ18O record of Pälike et al., (2006a). B. Al/Ca of D. venezuelana. Dashed line shows 
the effect of the 200 µmol/mol cut-off for Al/Ca values. C. Mn/Ca of D. venezuelana. Error 
bars represent 2σ external reproducibility based on repeat measurements of consistency 
standards.  
 
4.4.2 Shell weight 
The average shell weight of both D. venezuelana and C. dissimilis is around 40 µg, 
and both species exhibit similar variations in shell weight over time, with a broad 
minimum of 35 µg during the Mi-1 event at 23 Ma (Figure 4-6 B and C). This 
minimum is bounded by shell weight maxima (45 µg) approximately 200 kyr either 
side of the Mi-1 event. In addition, the temporally continuous shell weight record of 
D. venezuelana shows a long-term decrease across the interval of study of between 5 
and 10 µg between 24.0 and 21.5 Ma. No co-variance is seen between shell weight 
records and the higher frequency (<100 kyr) changes in the δ18O of benthic 
foraminifera across O/M interval (compare Figure 4-6 D with E and F).  
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Figure 4-6: Planktic foraminifera shell weight records. Upper plot: 3 Myr interval across 
the O/M transition, Lower plot: zoom in of the 1 Myr interval across the O/M transition. A. 
and D. Benthic δ18O (Pälike et al., 2006a). Grey vertical bars highlight short-term δ18O 
maxima during the O/M interval. B. and E. Average D. venezuelana shell weight from the 
355-400 µm size fraction. C. and F. Average C. dissimilis shell weight from the 355-400 
µm size fraction. 
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4.4.3 Li/Ca and Mg/Ca 
Li/Ca and Mg/Ca records measured in planktic foraminiferal calcite are shown in 
Figure 4-7. Li/Ca in D. venezuelana shows an overall increase from 10.5 µmol/mol in 
the late Oligocene (~24 Ma) to 11.5 µmol/mol in the early Miocene (~22 Ma; Figure 
4-7 B). This trend is punctuated by a transient (500 kyr) increase of >0.5 µmol/mol 
during the δ18O maximum at 23 Ma. This Li/Ca maximum itself is composed of 
higher frequency oscillations (<100 kyr) with Li/Ca maxima coinciding with δ18O 
maxima at 22.83, 22.93, 23.02, 23.06, 23.10, and 23.19 Ma (Figure 4-7 H; grey 
vertical bars). The temporal resolution of C. dissimilis records is poorer than that of 
D. venezuelana as this species is less abundant. Nevertheless, the Li/Ca record for C. 
dissimilis bears strong similarities to that of D. venezuelana (Figure 4-7 C). 
Mg/Ca ratios measured in D. venezuelana and C. dissimilis vary around mean values 
of ~2.5 mmol/mol and ~1.7 mmol/mol, respectively (Figure 4-7 D and E). The Mg/Li 
record for D. venezuelana (Figure 4-7 F) is similar to that of Mg/Ca (Figure 4-7 D) 
but, at high resolution (i.e. during the Mi-1 event), the Mg/Li record corresponds 
more closely than Mg/Ca to the benthic δ18O record with Mg/Li minima coinciding 
with maxima in δ18O. 
4.4.4 Cd/Ca 
Cd/Ca values are relatively constant at ~0.1 µmol/mol for both D. venezuelana and C. 
dissimilis from either side of the O/M boundary (Figure 4-8 B and C). Cd/Ca values 
however increase to ~0.15 µmol/mol between 23.2 and 22.8 Ma, during the peak Mi-
1 glacial conditions. The maximum in Cd/Ca, measured in C. dissimilis samples, 
slightly predates that of D. venezuelana, however this is likely a sampling artefact; a 
result of low C. dissimilis abundance. 
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Figure 4-7: Records of planktic foraminiferal Li/Ca, Mg/Ca, and Mg/Li. Upper plot: 3 Myr 
interval across the O/M transition, Lower plot: zoom in of the 1 Myr interval across the 
O/M transition. A. and G. Benthic δ18O (Pälike et al., 2006a). Grey vertical bars highlight 
short-term δ18O maxima during the O/M interval. B. D. and F. D. venezuelana records of 
Li/Ca, Mg/Ca, and Mg/Li (2σ; 4.1%), C. and E. C. dissimilis records of Li/Ca and Mg/Ca. 
H. I. and J. zoom in of D. venezuelana Li/Ca, Mg/Ca, and Mg/Li, K. Mg/Li temperature 
anomaly (black line). Dark and light coloured shading demonstrates the maximum and 
minimum temperature anomaly based on the propagated error of the calibration (see text). 
Error bars represent 2σ external reproducibility. 
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Figure 4-8: Records of planktic foraminiferal Cd/Ca. A. Benthic δ18O (Pälike et al., 2006a). 
B. and C. Cd/Ca of D. venezuelana (blue) and C. dissimilis (red). Error bars represent 2σ 
external reproducibility. 
 
4.4.5 U/Ca 
The average U/Ca value for both D. venezuelana and C. dissimilis is ~70 nmol/mol 
(Figure 4-9), but values increase to >120 nmol/mol during the Mi-1 event. The 
highest U/Ca values however do not coincide with highest benthic δ18O values; 
rather, U/Ca returns to average values ~100 kyr before the termination of the Mi-1 
event (Figure 4-9 compare A with C and D). This is in contrast to other records, such 
as shell weight, for which very low (or very high) values are observed throughout the 
entire event. The asymmetry of U/Ca excursion is more similar to the positive 
excursion observed in benthic δ13C values (Figure 4-9 B), however unlike benthic 
δ13C, our planktic records of U/Ca do not remain high after the Mi-1 event and fully 
return to pre-excursion values. 
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Figure 4-9: Records of planktic foraminiferal U/Ca. A. and B. Respectively δ18O and δ13C 
records from benthic foraminifera (Pälike et al., 2006a). C. and D. U/Ca of D. venezuelana 
(blue) and C. dissimilis (red). E. Shell weight record from Figure 4-6 B. Error bars 
represent 2σ external reproducibility. 
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4.5 Discussion 
4.5.1 Shell weight and [CO32-] of seawater 
Early studies of planktic foraminiferal shell weight reported a positive relationship 
between foraminiferal calcification rates, inferred from shell weight, and the [CO32-] 
of the seawater in which the foraminifer grew (Broecker and Clark, 2001b; Barker 
and Elderfield, 2002). More recent studies, however, indicate that foraminiferal 
growth rate depends on multiple environmental factors, and the relative importance of 
these different factors varies from species to species (de Villiers, 2004; Beer et al., 
2010b); an extreme example being the photosymbiont bearing species 
Globigerinoides ruber, that displays an inverse relationship between shell weight and 
[CO32-] (Beer et al., 2010b). 
The relationship between shell weight and [CO32-] also varies within a species; 
mainly with test size, hence records of shell weight must be “size normalised” 
(Lohmann, 1995). Methods for obtaining size normalised weight records include: 
“sieve based weight” (Broecker and Clark, 2001a), whereby a narrow (50 µm) size 
fraction is taken, and “measurement based weight” (Barker and Elderfield, 2002), 
where assessments are made of individual test surface area (see review by Beer et al., 
2010b). For this study, we adopt the simple sieve based weight technique (estimated 
accuracy ±11%; Beer et al., 2010a). Using the calibrations of Broecker and Clark, 
(2001b) and Barker and Elderfield, (2002) that adhere to the “traditional” positive 
relationship of increasing shell weight as [CO32-] increases, our data indicate that 
surface water [CO32-] decreased by between 30 and 60 µmol/kg during the Mi-1 
event. This decrease in surface ocean [CO32-] is an unexpected result during an 
interval of major glaciation, when levels of atmospheric pCO2 were presumably 
lower, and surface ocean pH was high (Zeebe and Wolf-Gladrow, 2001). This 
strongly suggests that shell weight values measured during the Mi-1 event are not 
representative of surface water conditions. We therefore seek an alternative, post-
depositional, explanation for the decrease in shell weight observed during the Mi-1 
event.  
Trace-element records of palaeo-environmental change across the Oligo-Miocene transition 123 
Dissolution of carbonate, driven by release of metabolic CO2 from organic matter 
within sediments on the sea floor (Sigman and Boyle, 2000), is an important process 
affecting carbonate preservation within recent Ceara Rise sediments (Hales and 
Emerson, 1997). Therefore an increase in export of organic carbon, as a result of a 
local increase in primary production at this site during Mi-1, is a likely driver of shell 
weight. Evidence for change in nutrient availability and primary production is 
revisited in Sections 4.5.5 and 4.5.6. 
4.5.2 Preservation of primary test chemistry 
In the nomenclature of Sexton et al., (2006), the taphonomy of the planktic 
foraminifera used in this study is “frosty” rather than “glassy” indicating that the tests 
have undergone recrystallisation; a process that leads to the precipitation of inorganic 
calcite within tests, which often has a different trace element partition coefficient 
(DX, where X represents a trace element; Equation 4-1). In samples such as these, 
records of trace elements that have greater DX values for inorganic calcite than 
biogenic calcite must be treated with caution. 
 
DX = (X/Ca)foram/(X/Ca)sw    Equation 4-1 
 
A comparison of published estimates for partition coefficients (Table 4-2) shows that 
DLi for foraminiferal calcite is similar to DLi in inorganic calcite. Laboratory 
experiments show that the DMg of inorganic calcite may be up to two orders of 
magnitude greater than that of biogenic calcite (e.g. Inorganic calcite DMg = 0.06 to 
0.02; Katz, 1973; Mucci, 1987), however, we follow Sexton et al., (2006), and use a 
DMg for inorganic calcite based on analysis of deep water diagenetic carbonates (DMg 
= 8.1 ×10-4; Baker et al., 1982) that is closer to the DMg estimated for biogenic calcite. 
The similarity between biogenic and abiogenic partition coefficients suggests that the 
contribution of recrystallisation to test Li/Ca, and Mg/Ca is minimal. However, 
caution must be exercised still when interpreting Mg/Ca from specimens heavily 
recrystallised in the cold deep ocean because of the temperature dependency of DMg 
(Anand et al., 2003). 
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In contrast to DLi, and DMg, the DCd and DU for inorganic calcite are respectively one 
and two orders of magnitude greater than in planktic foraminiferal calcite. The 
primary, surface water U/Ca values of planktic foraminifera are therefore very 
susceptible to overprinting by the addition of inorganic calcite during test 
recrystallisation. The highly enriched U/Ca values measured in ancient planktic 
foraminifera in this study (>40 nmol/mol) relative to core top and plankton tow 
samples from Ceara Rise (10 nmol/mol; Russell et al., 1994) suggest that U in our 
samples is primarily derived from diagenetic calcite (e.g. Boyle, 1983; Lea et al., 
2005; Mangini et al., 2001; Russell et al., 1996). Assessment of the influence of 
diagenesis on the Cd/Ca ratio of our samples is less straightforward. In cleaning 
experiments the Cd/Ca ratio of uncleaned planktic foraminiferal calcite is found to be 
1 µmol/mol or greater (Boyle, 1981); whereas down core records of Cd/Ca from 
mixed layer dwelling planktic foraminifera commonly possess values of less than 0.1 
µmol/mol (Rickaby and Elderfield, 1999). This enrichment of test Cd in deep waters 
is consistent not only with the high DCd of inorganic calcite, but also the order of 
magnitude higher [Cd] in pore waters (and in removable Fe-Mn coatings) with 
respect to sea surface values (Tachikawa and Elderfield, 2002). The average Cd/Ca 
values measured in this study fall in between these highly diagenetic values and 
unaltered surface dwelling foraminiferal calcite results. We note however that Cd/Ca 
values in this study are from ancient lower thermocline (D. venezuelana) and sub-
thermocline dwelling species (C. dissimilis) and reassuringly yield Cd/Ca values 
more similar to measurements made on sub-thermocline dwelling planktic 
foraminifera (Globorotalia truncatulinoides) recovered from core top sediments from 
North Atlantic sites (Ripperger et al., 2008, Cd/Ca of 0.08; consistency standards in 
this study, Cd/Ca of 0.07 left coiling and 0.08 right coiling). This similarity with 
modern sub-thermocline species is therefore inconsistent with a diagenetic 
overprinting of the primary surface water Cd/Ca signal in our planktic foraminifera 
samples with pore water influenced inorganic calcite. 
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Table 4-2: Magnitude of partition coefficients (D) of trace elements. Averages of literature 
values for partition coefficients (DX = (X/Ca)foram/(X/Ca)sw) into inorganic and 
foraminiferal calcite. References: DLi (Delaney et al., 1985; Marriott et al., 2004a; Marriott 
et al., 2004b; Hathorne and James, 2006), DMg (Baker et al., 1982; Lea et al., 2000; Dekens 
et al., 2002; Anand et al., 2003; Sexton et al., 2006), DCd (Lorens, 1981; Veizer, 1983; 
Delaney, 1989; Boyle, 1992; van Geen et al., 1992; McCorkle et al., 1995; Mashiotta et al., 
1997; Rosenthal et al., 1997; Havach et al., 2001; Maréchal-Abram et al., 2004; Ripperger 
et al., 2008), DU (Kitano and Oomori, 1971; Meece and Benninger, 1993; Russell et al., 
1994; Russell et al., 2004). 
 DLi DMg DCd DU 
Inorganic calcite 10-3 10-4 10+1 10-1 
Planktic foraminiferal calcite 10-3 10-4 100 10-3 
Benthic foraminiferal calcite 10-3 10-4 100 10-2 
4.5.3 Environmental controls on foraminiferal Li/Ca, Mg/Ca and Mg/Li 
The changes that we observe in the Li/Ca ratio of planktic foraminifera at Ceara Rise 
during the Mi-1 excursion (Figure 4-7 B) cannot be a result of changes in [Li]sw as τLi 
is too long (~1 Myrs). Environmental effects on the incorporation of lithium into test 
calcite must therefore be responsible for Li/Ca variability on these short timescales. 
The δ18O values of benthic foraminiferal calcite measured in Ceara Rise sediments 
are a record of deep water temperature and glacio-eustatic sea level change (Pälike et 
al., 2006a). Intervals of rapid sea level lowering during the Oligocene, such as during 
the Oi-1 event, expose shelf carbonates to erosion and cause an overall increase in the 
carbonate saturation state of seawater (i.e. Merico et al., 2008). The observed 
increases in the Li/Ca ratio of planktic foraminifera at Ceara Rise during the Mi-1 
excursion in δ18O (Figure 4-7 B) and in step with higher frequency δ18O variability 
(Figure 4-7 H) therefore suggest that on timescales shorter than τLi, the Li/Ca of D. 
venezuelana is dependent on temperature and/or carbonate saturation state. If Li/Ca 
were regulated by temperature alone, then based on planktic foraminifera Li/Ca- 
temperature calibrations, surface water temperatures at Ceara Rise must have fallen 
by more than 6°C during the Mi-1 event (Hathorne and James, 2006; Abell, 2008), 
which is highly unlikely, and not supported by our records of Mg/Ca (maximum 
range of surface water temperatures <3°C based on Mg/Ca data and “all planktic 
species” calibration of Anand et al., 2003). In this connection, it is remarkable that 
there are no obvious changes in the D. venezuelana Mg/Ca values during Mi-1; 
however, short-term increases in carbonate ion saturation state would serve to 
counteract any decrease in Mg/Ca resulting from a decrease in SST as a result of 
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enhanced preservation of high-Mg carbonates on the sea floor. It is therefore possible 
that these sea-level led changes in carbonate ion saturation state are working in 
partnership with respiratory dissolution effects to alter foraminiferal Mg/Ca values on 
the sea floor. Buffering of the Mg-temperature effect by carbonate saturation state, 
during an interval of glaciation and sea level fall, has been observed in benthic 
foraminifera from the Oi-1 event (Lear et al., 2000; Lear et al., 2004; Coxall et al., 
2005). The increase in Li/Ca accompanied by little change in Mg/Ca during the Mi-1, 
is therefore consistent with a decrease in SST and an increase in surface water 
carbonate saturation state. We therefore seek to isolate the effect of temperature on 
measured Mg/Ca ratios in D. venezuelana by two methods: (i) Dissolution adjustment 
of the pre-exponent of Mg/Ca temperature calibrations using shell weight 
measurements (Rosenthal and Lohmann, 2002) and (ii) use of the Mg/Li temperature 
proxy, as previously proposed for benthic foraminifera (Bryan and Marchitto, 2008). 
Figure 4-10 shows shell weight adjusted temperature calibrations based on 
measurements of modern species of planktic foraminifera Globigerinoides ruber and 
Globigerinoides sacculifer (Equation 4-3 & Equation 4-4; Rosenthal and Lohmann, 
2002) individually applied to D. venezuelana Mg/Ca data to adjust for respiratory 
dissolution effects. 
(Mg/Ca)G. ruber  = (0.025 wt + 0.11) e0.095T   Equation 4-2 
  
(Mg/Ca)G. sacculifer = (0.0032 wt + 0.181) e0.095T   Equation 4-3 
 
Where wt is average individual shell weight in µg and T is calcification temperature in °C. 
The absolute temperature estimates based on these two calibrations are wide ranging 
(average 9°C using Equation 4-3 and 22°C using Equation 4-2; Figure 4-10, Panel 
A), hence we compare relative temperature estimates to benthic foraminiferal δ18O 
deep sea temperature (and ice volume) record in Figure 4-10, Panel B. There is no 
appreciable increase in coherency between the timing of high-frequency (<100 kyr) 
temperature fluctuations in Mg/Ca-temperatures and intervals of high latitude climate 
change inferred from δ18O records. Furthermore, dissolution adjusted Mg/Ca-
temperature records suggest that an unlikely broad warming occurred in Ceara Rise 
SST during the Mi-1 cooling between 23.2 and 22.8 Ma. We therefore apply the 
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Mg/Li proxy to gain potentially more reliable estimates of SST changes during this 
interval. 
 
Figure 4-10: Dissolution adjusted Mg/Ca temperature estimates.  Panel A. Absolute 
temperature estimates for D. venezuelana Mg/Ca data using G. ruber (dashed red) and G. 
sacculifer (dashed blue) dissolution adjusted temperature calibrations from Rosenthal and 
Lohmann, (2002). Panel B. Relative estimates of temperature change for D. venezuelana 
Mg/Ca data using dissolution adjusted G. ruber (red) and G. sacculifer (blue) temperature 
calibrations compared to benthic δ18O (black line; Pälike et al., 2006). Temperature 
calibrations, “unadjusted” for dissolution (using a constant shell weight of 40 µg), are 
shown as solid lines for comparison. 
Mg/Li temperature calibrations for benthic foraminifera (Bryan and Marchitto, 2008) 
are not ideal for extracting temperature estimates from planktic foraminifera species 
such as D. venezuelana. Hence, we apply a new Mg/Li temperature calibration to our 
D. venezuelana data, based on core-top samples of Globigerinoides ruber (Figure 
4-11; M. Henehan personal communication5). 
Mg/Liforam = 0.034(±0.024) × T - 0.58(±0.64)   Equation 4-4 
                                                
5 M. Henenhan. National Oceanography Centre, Southampton, University of Southampton. SO14 3ZH, 
UK. 
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where Mg/Liforam is Mg/Li (mol/mmol) measured in G. ruber (sensu lato; 300-355 
µm size fraction) and T is the annual average of sea surface temperature (°C). Values 
in brackets represent the propagated uncertainty for the gradient and intercept of this 
calibration (95% confidence interval; York, 1968). 
While the average absolute temperature calculated for Mg/Li data using Equation 4-4 
is close to modern lower thermocline values at this site (~15°C), there is large 
variability in absolute temperature estimates depending upon which calibration is 
used (average values between 0 and 30°C based on benthic Mg/Li temperature 
calibrations; Supplementary Figure S 4-6; Bryan and Marchitto, 2008). In addition, 
the combined uncertainties regarding the Mg and Li concentrations of seawater in the 
past (i.e. Hathorne and James, 2006; Coggon et al., 2010) lead to considerable 
difficulty in estimation of the Mg/Li ratio of seawater during the O/M transition. We 
note however that significant changes in Mg/Lisw during the 400 kyr, high resolution, 
interval of study (between 23.2 and 22.8 Ma) are unlikely given the long oceanic 
residence times of Mg and Li (13 and 1 Myrs respectively; Broecker and Peng, 1982). 
With regard to these uncertainties, relative changes in tropical Atlantic SST across 
the O/M interval are shown in Figure 4-7 J. According to this figure, tropical SSTs 
decreased by at least 1°C during the Mi-1 event. Moreover, the timing of higher 
frequency (<100 kyr) fluctuations in SST (by 1-2°C) during this event correspond 
remarkably well with the timing of high latitude temperature and ice volume 
variability estimated from the benthic δ18O record; hence, Mg/Li is more strongly 
correlated with benthic δ18O than either Mg/Ca or Li/Ca during the O/M transition 
(Figure 4-12). Although Mg/Li temperature estimates show a greater consistency 
with high latitude temperature, caution must be exercised when interpreting these 
records, as it is unclear whether it is respiratory dissolution or surface water carbonate 
saturation state that is masking the temperature effect on Mg/Ca. If correct however, 
the agreement between high and low latitude temperature proxies not only 
demonstrates that Mg/Li in down core samples is predominantly controlled by 
temperature, but it also demonstrates the truly global extent of climate change during 
the Mi-1 event. Further work is required to assess the temperature sensitivity of 
Mg/Li not only in other extant species of planktic foraminifera but also at other sites 
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to allow robust absolute palaeo-temperature estimates to be made, however, this 
study demonstrates the potential for Mg/Li ratios in planktic foraminifera calcite to be 
used as palaeoceanographic tool to assess past variability in SST.  
 
Figure 4-11: Mg/Li G. ruber temperature calibration (M. Henehan personal 
communication). Panel A. Red circles show Mg/Li of G. ruber s.l. (error bars ±4.1% 2σ). 
Temperatures are yearly averages of 12 monthly measurements at each site (error bars 2σ). 
Red lines and grey linear regression (Mg/Liforam=0.034×T-0.58) show the 95% confidence 
interval and error propagated regression for the calibration (after York 1968) calculated 
using Isoplot 3.00 (Ludwig, 2003). Blue and green lines represent maximum and minimum 
temperature sensitivities based on this confidence interval. Panel B. G. ruber calibration 
compared to benthic foraminiferal Mg/Li-Temperature calibrations (square markers) from 
(Bryan and Marchitto, 2008).  
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Mg/Li temperature calibrations for benthic foraminifera (Bryan and Marchitto, 2008) 
are not ideal for extracting temperature estimates from planktic foraminifera species 
such as D. venezuelana. Hence, we apply a new Mg/Li temperature calibration to our 
D. venezuelana data, based on core-top samples of Globigerinoides ruber (Figure 
4-11; M. Henehan personal communication5). 
 
Mg/Liforam = 0.034(±0.024) × T - 0.58(±0.64)   Equation 4-4 
 
where Mg/Liforam is Mg/Li (mol/mmol) measured in G. ruber (sensu lato; 300-355 
µm size fraction) and T is the annual average of sea surface temperature (°C). Values 
in brackets represent th propagated uncertainty for the gradient and intercept of this 
calibrati  (95% confidence nterval; York, 1968). 
 
 
Figure 4-11: Mg/Li G. ruber temperature calibration (M. Henehan personal 
communication). Red circles show Mg/Li measurements of G. ruber s.l. (error bars ±4.1% 
2σ uncertainty). Temperatures are yearly averages of 12 monthly measurements at each site 
(error bars 2σ). Red curved lines and grey linear regression (Mg/Liforam = 0.034×T - 0.58) 
show the 95% confidence interval and error propagated regression for the calibration (after 
York 1968) calculated using Isoplot 3.00 (Ludwig, 2003). Blue and green lines represent 
the maximum and minimum temperature sensitivities based on this confidence interval. 
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Figure 4-12: Comparison of high and low latitude temperature proxies. Corresponding δ18O 
of benthic foraminiferal calcite (axis reversed), from O/M interval of ODP Site 926, (Pälike 
et al., 2006a), plotted against: Li/Ca (Panel A.), Mg/Ca (Panel B.), and Mg/Li (Panel C.) of 
D. venezuelana (this study). Error bars represent 2σ external reproducibility. 
4.5.4 Controls on foraminiferal Li/Ca over long (>1 Myr) timescales 
On timescales shorter than τLi, it is clear that changes in foraminiferal Li/Ca are 
predominantly controlled by the carbonate saturation state of seawater. However, the 
multimillion year increase in Li/Ca observed in our Ceara Rise planktic foraminifera 
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is potentially the result of a number of (long-term) changing palaeoceanographic 
variables across the O/M transition, including; (i) a decrease in SST, (ii) an increase 
in the carbonate saturation state of seawater, (iii) a decrease in the [Ca]sw, and (iv) an 
increase in the [Li]sw. However, we reason against the former three scenarios thusly: 
Records of benthic foraminiferal δ18O suggest that the Mi-1 event was transient, and 
following glaciation at 23 Ma, high latitude temperatures and ice volumes returned to 
approximately pre-excursion conditions. There is little evidence therefore for a long-
term persistence of cooler global temperatures, suggesting that SST is not driving a 
long-term increase in Li/Ca at this time. No permanent deepening of the CCD has 
been suggested for the O/M transition (Pälike et al., 2009; Palike et al., 2012) and our 
observed multi-million year decrease in planktic foraminiferal shell weight suggests 
that surface water carbonate ion concentrations may have decreased across the O/M 
transition (serving to decrease planktic foraminiferal Li/Ca, leading to an 
underestimation of changes in [Li]sw). Model results combined with calcium isotopic 
measurements of planktic foraminiferal calcite suggest that the [Ca]sw remained at a 
relatively constant value of 12 mmol/kg between 25 and 20 Ma (Heuser et al., 2005), 
however large discrepancies exist between different [Ca]sw modelling scenarios 
(reliability of Heuser et al., 2005 vs. Hardie, 1996 is discussed below). Perhaps more 
importantly however, other trace-element/Ca records in this study do not exhibit the 
same long-term increase as that observed in Li/Ca, suggesting that a decrease in 
[Ca]sw of 1 mmol/kg (required to increase planktic foraminiferal Li/Ca by 1 
µmol/mol) is unlikely. We therefore assume that the long-term (>1 Myr) change in 
Li/Ca of planktic foraminiferal calcite is a result of changes in [Li]sw (Hathorne and 
James, 2006) and discuss the possibility that the increase in Li/Ca of planktic 
foraminiferal calcite measured across the O/M boundary at Ceara Rise (shown in 
Figure 4-7 B) represents an increase in the global [Li]sw between 24 and 22 Ma. 
To quantify the magnitude of change in [Li]sw across the O/M interval, we begin by 
smoothing the Li/Ca record of D. venezuelana (using the “Smoothing” tool in JMP 
9.0 software) to eliminate high resolution variability (<τLi) that is too short to be 
attributable to secular changes in [Li]sw (Figure 4-13 A). The Li/Ca ratio of seawater, 
shown in Figure 4-13 B, is estimated using the smoothed Li/Caforam values in 
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Equation 4-1, and assuming DLi values for D. venezuelana of 0.0042 and 0.0052, 
based measurements in modern planktic foraminiferal species Orbulina universa and 
Globigerinoides sacculifer (Delaney et al., 1985; Hathorne and James, 2006). 
Applying the average of these two DLi values (0.0047) to the Li/Caforam record reveals 
an increase in (Li/Ca)sw of more than 200 µmol/mol across the interval of study, close 
to modern (Li/Ca)sw values (2.53 mmol/mol; Broecker and Peng, 1982). [Ca2+]sw at 
the O/M boundary is estimated by Heuser et al., (2005) to be approximately 12 
mmol/kg, whereas oceanic ion mixing model results of Hardie (1996) suggest a more 
extreme value 35 mmol/kg, that is more than three times greater than the modern 
[Ca2+]sw (10 µmol/kg; Riley and Tonguadai, 1967). The uncertainty that these two 
contrasting estimates of [Ca2+]sw introduce is highlighted by converting the three 
possible (Li/Ca)sw curves in Figure 4-13 B into [Li]sw (Figure 4-13 C and Cʹ) and 
changes in total lithium in seawater (MLi; Figure 4-13 D and Dʹ). The estimate of 
[Ca2+] of O/M seawater of 12 mmol/kg yields values for [Li]sw that are only 20% 
higher than modern values (modern [Li]sw = 26 µM; MLi = 3.5×1016 moles; Morozov, 
1968; Tomascak, 2004). This conservative estimate of [Li]sw suggests that an increase 
of 2 µmol/kg occurred during the O/M transition in comparison to >6 µmol/kg using 
the Hardie, (1996) value for [Ca2+]sw (Figure 4-13 E).  
An increase in the lithium concentration of seawater of 2 µmol/kg requires a change 
in the input or output flux of lithium to/from the oceans. The rate of change of the 
amount of lithium in the oceans, MLi, is described by Equation 4-5 proposed by 
Hathorne and James, (2006) as the balance between input fluxes (FLi) of lithium from 
rivers (subscript RIV; modern value = 8×1015 mol/Myr) and hydrothermal activity 
(subscript HYD; modern value = 6×1015 mol/Myr) and outputs to sediments and 
marine basalts (subscript SED; modern value = 14×1015 mol/Myr): 
 
     Equation 4-5 
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Figure 4-13: Changes in Li in seawater across the O/M. Panel A. Li/Ca of D. venezuelana 
(Figure 4-7 B). Smoothed fit of Li/Caforam data (blue line; “Smoother” tool JMP 9.0). Panel B. 
Li/Casw estimated from smoothed Li/Caforam data assuming DLi = 0.0042 (Hathorne and James, 
2006) and 0.0057 (Delaney et al., 1985). The (Li/Ca)sw estimated from the average of these two 
DLi values is shown by the solid line. Panel C. [Li]sw based on the (Li/Ca)sw values in Panel B 
assuming [Ca2+]sw at the O/M boundary of 12 µmol/kg (green lines; Heuser et al., 2005) and 35 
µmol/kg (red lines; Hardie 1996). (Panel Cʹ, zoom in of the y-axis of Panel C). Panel D. 
Change in the total number of moles of Li in seawater estimated from the six [Li]sw scenarios in 
Panel C. assuming an oceanic mass of 1.4×1021 kg (Panel Dʹ, zoom in of the y-axis of Panel D). 
Panel E. Change in [Li]sw relative to the average [Li]sw of respective scenarios in Panel C. 
Therefore, Panel E. shows the magnitude of change in [Li]sw without regard for absolute values 
of [Li]sw that are strongly affected estimates of [Ca2+]sw. Grey bars represents the position of the 
Mi-1 event and black arrows on y-axis represent modern values. 
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As spreading rates have remained relatively constant over this interval of study 
(Rowley, 2002) large changes in hydrothermal inputs of lithium or removal into 
sediments are unlikely (Hathorne and James, 2006). The most likely candidate to 
change [Li]sw on these timescales is therefore increased delivery of lithium from 
rivers as a result of an increase in silicate weathering rates. The riverine flux of 
lithium required to increase MLi by 3.6×1015 moles in 2 Myr is 9.8×1015 mols/Myr, 
which is approximately 20% higher than today’s value. In turn, assuming that riverine 
lithium is derived from weathering of silicate rocks (Kısakűrek et al., 2005), this 
represents an increase in global silicate weathering rates of 20%. 
Currently, the Earth is considered to be in a “reaction-limited6” global weathering 
regime (Stallard and Edmond, 1983; Kump et al., 2000), however silicate weathering 
rates in a warmer, more “transport-limited” early icehouse world would respond more 
strongly to the generation of fresh weatherable material exposed through orogenic 
uplift (West et al., 2005). Conventionally, the Himalaya are thought only to have 
reached their present-day elevation after the Pliocene (Molnar and England, 1990), 
however, more recent studies indicate that there were earlier intervals of uplift and 
erosion. New palaeomagnetic data suggest that “hard” collision of the Indian and 
Asian continental lithosphere occurred between 25 to 20 Ma, causing widespread 
deformation of the Asian continent and exhumation of Greater Himalayan crystalline 
rocks to erosion (van Hinsbergen et al., 2012). This hypothesis is supported by 
tectonic models (Harrison et al., 1992) as well as sedimentary records from the 
Bengal Fan (Galy et al., 1996), that point to significant uplift and erosion of the 
Tibetan Plateau and High Himalayan Crystalline sequence during the Early Miocene. 
This increase in exposure of fresh, unaltered silicate rock to weathering likely 
facilitated the increase in silicate weathering rates required to account for an increase 
in lithium concentration of seawater at this time.  
                                                
6 “Transport-limited” weathering regimes are typical of low-lying regions, where there is a lack of 
fresh, unaltered, weatherable rock. Rock-water contact time is long in these settings; therefore 
weathering reactions tend towards completion. In contrast, in “reaction-limited” weathering regimes, 
where freshly exposed rocks are widely available (typical of high relief areas), rock-water contact time 
is short, and weathering tends to be incomplete (Stallard and Edmond, 1983; Kump et al., 2000). 
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We compare the increase in silicate weathering rates implied from our Li/Ca data to 
measurements of the marine isotope budget of other elements modulated by silicate 
weathering (Figure 4-14). In general, the amounts of radiogenic 87Sr (Hess et al., 
1986; Palmer and Edmond, 1989; Veizer, 1989; Raymo and Ruddiman, 1992; Richter 
et al., 1992; Frank, 2002) and 187Os (Ravizza and Peucker-Ehrenbrink, 2003; Burton, 
2006; Oxburgh et al., 2007; Burton et al., 2010), relative to their respective 
unradiogenic isotopes, 86Sr and 188Os, increase in seawater as continental inputs to the 
oceans increase. The oceanic residence times of strontium and osmium are very 
different (respectively >4 Myr and 10 kyr; Veizer, 1989; Oxburgh, 2001) and 
therefore strontium is a proxy for multi-million year long changes in silicate 
weathering, whereas osmium is controlled by short-term (sub-Myr) changes in 
weathering flux. It is important to note that the 87Sr/86Sr ratio of seawater can also be 
modified by carbonate weathering (Oliver et al., 2003) and episodes of intense 
volcanism (McArthur et al., 2001), therefore caution must be exercised when 
interpreting strontium isotope records alone as a proxy for silicate weathering rates. 
However, similar to Li/Ca results in this study, data for both strontium and osmium 
weathering proxies imply that silicate weathering rates increased across the O/M 
transition (between 25 and 20 Ma; McArthur, 2004; Burton, 2006), although the 
187Os/188Os record is interrupted by an abrupt decrease in 187Os/188Os at the time of 
the Mi-1 oxygen isotopic excursion. Decreases in the 187Os/188Os composition of 
seawater are observed during many major glaciations and are attributed to a brief 
decrease in silicate weathering rates following global cooling, aridity and ice sheet 
blanketing of silicate rocks (i.e. the Oi-1 and LGM; Burton, 2006; Oxburgh et al., 
2007; Burton et al., 2010). We hypothesise that this transient decrease in 187Os/188Os 
composition of seawater during Mi-1 is a result of a short interruption to the trend of 
increasing silicate weathering rates across the O/M transition that was caused by 
glacial inception (cf. Lear et al., 2004). We note however that this change would be 
undetectable in lithium records as a result of its significantly longer residence time. 
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Figure 4-14: Changes in [Li]sw across the O/M and alternative weathering proxies. Panel A. 
Change in [Li]sw relative to the average [Li]sw as in Figure 4-13 E compared to marine 
osmium (Burton, 2006) and strontium isotope (McArthur, 2004) weathering proxies 
(Panels B and C respectively). 
4.5.5 Palaeo-nutrient availability 
The distribution of cadmium in the world oceans strongly resembles that of the labile 
nutrient phosphate (Boyle et al., 1976), and the Cd/Ca ratio of foraminiferal calcite is 
commonly used as a palaeo-nutrient tracer (van Geen et al., 1992; Rosenthal et al., 
1997; Rickaby and Elderfield, 1999). Estimates of the concentration of phosphate in 
ambient seawater ([PO4]sw) can be made from Cd/Ca ratios in foraminiferal calcite 
((Cd/Ca)foram) using the following equation rearranged from de Baar et al., (1994) and 
Rickaby and Elderfield, (1999): 
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where DCd is the partition coefficient of Cd into planktic foraminiferal calcite and 
(Cd/P)sw and [Ca2+]sw are, respectively, the Cd/P ratio and calcium concentration of 
seawater. We apply Equation 4-6 to measurements of Cd/Ca in D. venezuelana to 
reconstruct [PO4] in surface waters at Ceara Rise during the O/M transition (Figure 
4-15). Precise estimates of (Cd/P)sw values in the past are unavailable, therefore a 
modern value for (Cd/P)sw of equatorial Atlantic seawater (0.25 nmol/µmol; de Baar 
et al., 1994) is assumed for (Cd/P)sw during the O/M. The assumption that (Cd/P)sw 
has changes little over the Neogene is reasonable given the relatively invariant values 
for Cd/Ca measured in benthic foraminiferal calcite across the Miocene (Delaney and 
Boyle, 1987; Delaney, 1990). Furthermore, the variability between our choice of 
modern values of (Cd/P)sw has little effect on [PO4]sw in comparison to [Ca2+]sw and 
DCd (Figure 4-15 B). Again, we assume values for [Ca2+]sw during the O/M interval of 
12 mmol/kg (Heuser et al., 2005) and 35 mmol/kg (Hardie, 1996), along with the 
measured DCd values for modern planktic foraminifera (1.9 to 4.1; Delaney, 1989; 
Mashiotta et al., 1997; Rosenthal et al., 1997; Ripperger et al., 2008). If the higher 
value for [Ca2+]sw is used (35 mmol/kg), then thermocline [PO4] is estimated to be 
between 4 and 10 µmol/kg, which is far higher than the concentrations found in 
modern deep waters and upwelling regions (Figure 4-16 B and Figure 4-17). If 
[Ca2+]sw is taken to be 12 mmol/kg however, then thermocline [PO4] values are more 
similar to those of the modern Ceara Rise (Figure 4-15 B and Bʹ and Figure 4-16 B). 
The correspondence to modern values is even closer if DCd is 4.1, rather than 1.9. 
Higher DCd values are common for sub-thermocline dwellers (e.g. Gr. 
truncatulinoides; Ripperger et al., 2008) and so this DCd value is arguably more 
applicable to the lower thermocline dwelling D. venezuelana than a value of 1.9, 
which is more typical of mixed layer dwelling species such as Globigerina bulloides 
(Mashiotta et al., 1997). Assuming [Ca2+]sw = 12 mmol/kg and  DCd = 4.1, we 
estimate that [PO4] increased by ~0.5 µmol/kg during the Mi-1 event (Figure 4-15 C 
and Cʹ). Although modest, this nutrient increase potentially corresponds to a 
shoaling of the nutricline at Ceara Rise by ~100 m. 
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Figure 4-15: Surface water [PO4] at Ceara Rise during the O/M.  
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Figure 4-16: Profiles of nutrients in the water column at Ceara Rise today. Panel A. 
Temperature of seawater showing the position of the thermocline. Panels B to D Nutrient 
profiles of phosphate, nitrate, and silicate respectively. All data are obtained from World 
Ocean Atlas 2009 and plotted using Ocean Data View software. 
 
Figure 4-17: Phosphate concentration of modern seawater. Panel A. Phosphate 
concentration of surface waters at approximately thermocline depth). Panel B Phosphate 
concentration of deep water. High surface water phosphate (up to 3 µmol/kg) visible in 
upwelling regions (i.e. tropical eastern Pacific). Approximate position of [PO4] profile 
shown in Figure 4-16 B highlighted by red marker. All data are obtained from World 
Ocean Atlas 2009. 
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The inferred increase in nutrient availability, suggested by increases in foraminiferal 
Cd/Ca values, would likely boost primary productivity at Ceara Rise during the Mi-1 
event. Although only from a single site, this result is in support of an increase in the 
ratio of organic carbon to carbonate burial as a positive feedback process that 
intensified this glacial expansion (i.e. Paul et al., 2000), however, further records of 
palaeo-nutrient availability and productivity (i.e. Diester-Haass et al., 2011) from 
other sites must be generated to test the global extent of this phenomenon. The low 
resolution of shipboard total organic carbon records for ODP Leg 154 sediments 
prohibits confirmation of any contemporaneous increase in organic carbon burial at 
Ceara Rise during the Mi-1 event. Higher resolution total organic carbon records 
across O/M sections will also highlight the importance of the organic carbon cycle as 
a climate forcing mechanism at this time.
 4.5.6 Palaeo-redox state of the sediments 
U/Ca in planktic foraminiferal calcite is commonly used as a proxy for carbonate ion 
saturation state of the ocean (Russell et al., 1996; Russell et al., 2004). However 
foraminiferal calcite samples with high Mn/Ca (>100 µmol/mol) tend to have 
elevated U/Ca (>10 nmol/mol) that cannot represent a primary surface water signal 
(Boyle, 1983; Russell et al., 1996; Mangini et al., 2001; Lea et al., 2005). All of our 
Ceara Rise samples have U/Ca values of > 40 nmol/mol, which suggests that U/Ca 
has been strongly modified in the sediments (Figure 4-9). Thus, we cannot obtain 
reliable estimates of [CO32-] from our U/Ca data (in fact these data would imply that 
[CO32-] of surface waters is <<0 µmol/kg).  
Diagenetically overprinted U/Ca however, can offer information regarding the 
palaeo-redox state of sediments, as low oxygenation of the uppermost portion of the 
sediment pile yields high authigenic U/Ca values (Russell et al., 1996; Lea et al., 
2005; Algeo et al., 2012; Algeo and Rowe, 2012). Thus, the increase in foraminiferal 
U/Ca measured in Site 926 sediments represents a decrease in the oxygenation of 
sediment pore-waters during the Mi-1 event. This is also consistent with the observed 
early termination of the U/Ca excursion (~100 kyr before termination of the Mi-1 
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event) that suggests a down-core change in sediment chemistry (e.g. Thomson et al., 
1995). Decay of organic matter on the sea floor utilises oxygen from pore waters, 
therefore local decreases in the oxygen content of sediments are common during 
intervals of high organic carbon burial (Russell et al., 1996; Mangini et al., 2001; 
McManus et al., 2005). The contemporaneous increase in benthic foraminiferal δ13C 
during the Mi-1 event is interpreted to represent an increase in global primary 
productivity during glaciation (Paul et al., 2000; Pälike et al., 2006a). A decrease in 
pore-water oxygen content during Mi-1 is therefore consistent with our inferred 
increase in local primary productivity, induced by a contemporaneous increase in 
nutrient availability at Ceara Rise, and also supports the hypothesis that post-
depositional respiratory dissolution is the main cause of a reduction in shell weight 
during this event. 
4.6 Conclusions and implications 
In line with previous studies, we find that on timescales less than τLi, the Li/Ca of 
planktic foraminifera responds strongly to changes in carbonate saturation state of 
seawater. The significance of this finding is two fold. Firstly, it is possible to 
reconstruct past surface water changes in this important carbon cycle parameter using 
Li/Ca in planktic foraminifera, and secondly paired analyses of Mg/Ca and Li/Ca 
allow carbonate ion saturation effects to be potentially distinguished from 
temperature effects through assessment of Mg/Li ratios. 
Planktic foraminiferal Li/Ca records reveal an increase in the lithium concentration of 
seawater across the O/M transition that is likely the result of an increase in the 
riverine flux of lithium, due to higher silicate weathering rates. Contemporaneous 
uplift and erosion of the Himalaya and Tibetan Plateaux could be the source of extra 
weatherable material that enhanced continental weathering. The implication of this 
finding is that enhanced silicate weathering may have triggered a period of extended 
draw down of pCO2 and the initiation of widespread glacial expansion at 23 Ma (c.f. 
DeConto and Pollard, 2003; DeConto et al., 2008). 
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An increase in planktic foraminiferal Cd/Ca during the Mi-1 event strongly suggests 
enhanced nutrient supply to Ceara Rise surface waters during this interval. Increased 
nutrient availability may have boosted levels of primary productivity, and potentially 
increased the rate of organic carbon burial. An increase in the burial of organic 
carbon at this time is consistent with the decrease in oxygenation of pore waters, 
suggested by an increase in authigenic uranium in foraminiferal calcite, and also an 
increase in the δ13C of benthic foraminifera.  
A threshold trigger for Mi-1 such as the long-term drawdown of atmospheric CO2 
caused by an increase in silicate weathering begs the question: Why did the enhanced 
glacial conditions at Mi-1 not persist as they did during the stepwise Oi-1 glaciation 
11 Myrs previously? Considered together, our findings suggest that while enhanced 
silicate weathering may have been the trigger for glaciation at this time, the majority 
of cooling at Mi-1 (an hence rapid recovery) was a result of drawdown of pCO2 
caused by an increase in organic carbon burial rates.   
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4.8 Supplementary information 1 
Table S 4-1: Planktic foraminifera trace element and shell weight data from ODP Site 
926B. Sample ages are calculated from the astronomically tuned age model of Pälike et al., 
(2006a). 2σ external reproducibility: Li/Ca ± 3.4%, Mg/Ca ± 2.1%, Al/Ca ± 11.8%, Mn/Ca 
± 6.9%, Sr/Ca ± 1.7%,Cd/Ca ± 15.3%, Ba/Ca ± 2.3%, U/Ca ± 4.1%. 
 
Species ODP Sample Indentification Depth Age Li/Ca Mg/Ca Al/Ca Mn/Ca Sr/Ca Cd/Ca Ba/Ca U/Ca Shell weight
(mbsf) (Ma) (µmol/mol) (mmol/mol) (µmol/mol) (µmol/mol) (mmol/mol) (µmol/mol) (µmol/mol) (nmol/mol) (µg)
D. venezuelana 926 B 46 4W 71.5-73.5 428.02 21.616 11.8 2.52 34 563 1.29 0.118 3.68 52.6 34.6
926 B 46 5W 146-148 430.26 21.689 11.4 2.56 24 673 1.21 0.103 3.91 55.6 41.6
926 B 47 1W 65-67 433.05 21.798 11.3 2.74 30 735 1.22 0.116 3.58 52.1 33.5
926 B 47 3W 104-106 436.44 21.909 11.4 2.50 32 661 1.21 0.103 3.90 52.7 36.2
926 B 47 5W 25-27 438.65 21.980 11.7 2.56 14 684 1.30 0.130 3.60 56.6 35.2
926 B 48 1W 86-88 442.96 22.133 11.3 2.65 50 682 1.23 0.095 4.87 70.5 35.6
926 B 48 3W 122-124 446.32 22.238 11.6 2.50 61 635 1.21 0.113 4.17 63.7 38.9
926 B 48 6W 132-134 450.92 22.395 11.9 2.37 29 542 1.23 0.112 2.70 67.4 39.7
926 B 49 2W 12-14 453.32 22.484 11.4 2.76 44 682 1.28 0.132 4.02 72.4 37.7
926 B 49 3W 83-85 455.53 22.562 11.5 2.56 48 860 1.28 0.115 2.59 73.3 39.2
926 B 49 5W 35-37 458.05 22.650 10.8 2.86 84 737 1.26 0.103 4.46 61.5 41.1
926 B 49 5W 117.5-119.5 458.88 22.684 11.2 2.71 183 821 1.23 0.113 3.22 59.6 43.8
926 B 49 6W 55-57 459.75 22.720 41.3
926 B 50 1W 21-24 461.61 22.795 37.5
926 B 50 1W 71-75 462.11 22.813 41.3
926 B 50 1W 103.5-107.5 462.44 22.824 11.1 2.48 162 847 1.31 0.132 3.89 76.6 39.1
926 B 50 1W 131-134 462.71 22.833 11.8 2.35 143 783 1.24 0.126 4.09 57.6 37.6
926 B 50 2W 11.5-14 463.02 22.845 38.7
926 B 50 2W 38-42 463.28 22.856 11.0 2.43 32 680 1.26 0.122 3.72 50.9 38.5
926 B 50 2W 65.5-69.5 463.56 22.868 10.7 2.45 99 648 1.35 0.128 4.35 50.8 36.3
926 B 50 2W 96-99 463.86 22.880 10.8 2.50 76 829 1.26 0.103 3.49 61.2 36.3
926 B 50 2W 122-124 464.12 22.891 40.5
926 B 50 3W 0-4 464.40 22.903 11.0 2.71 78 759 1.32 0.129 4.28 62.7 36.5
926 B 50 3W 27-29 464.67 22.914 10.7 2.39 65 767 1.30 0.115 4.15 60.3 34.1
926 B 50 3W 57-59 464.97 22.926 11.4 2.47 96 945 1.29 0.121 3.43 55.4 38.7
926 B 50 3W 81.5-84 465.22 22.936 11.7 2.62 126 962 1.31 0.138 3.12 76.7 35.5
926 B 50 3W 112-114 465.52 22.948 34.5
926 B 50 3W 138-141 465.78 22.958 11.5 2.42 64 712 1.29 0.119 3.78 46.6 37.7
926 B 50 4W 18.5-21.5 466.09 22.970 10.9 2.49 47 794 1.27 0.123 3.56 48.7 37.5
926 B 50 4W 47-49 466.37 22.980 10.8 2.66 63 856 1.27 0.123 2.97 73.1 36.1
926 B 50 4W 76-78 466.66 22.990 10.9 2.51 100 808 1.32 0.163 3.83 76.8 36.2
926 B 50 4W 102-105 466.92 23.000 11.2 2.71 170 857 1.32 0.144 4.80 139.9 37.4
926 B 50 4W 131-134 467.21 23.010 11.8 2.53 115 747 1.37 0.169 5.64 97.1 36.5
926 B 50 5W 5.5-7.5 467.46 23.019 36.6
926 B 50 5W 24-28 467.64 23.026 33.7
926 B 50 5W 46-49 467.86 23.034 38.2
926 B 50 5W 68-70 468.08 23.041 11.6 2.46 130 900 1.30 0.138 5.75 85.9 39.7
926 B 50 5W 91-95 468.31 23.050 10.7 2.56 132 891 1.30 0.111 3.04 142.7 39.0
926 B 50 5W 111-114 468.51 23.057 11.3 2.68 29 835 1.31 0.117 3.22 87.7 37.4
926 B 50 5W 134-137 468.74 23.065 11.8 2.41 33 669 1.33 0.123 2.74 97.5 35.9
926 B 50 6W 7-9 468.97 23.074 11.2 2.72 74 826 1.32 0.111 3.52 85.7 39.6
926 B 50 6W 28-30 469.18 23.082 11.3 2.29 146 678 1.33 0.128 3.65 92.5 35.6
926 B 50 6W 50-53 469.40 23.091 11.1 2.52 87 706 1.36 0.115 5.22 92.7 38.7
926 B 50 6W 72.5-74.5 469.63 23.100 11.6 2.44 60 685 1.32 0.130 3.77 137.4 36.7
926 B 50 6W 93-96 469.83 23.108 11.2 2.55 47 782 1.31 0.133 3.56 77.9 37.8
926 B 50 6W 115-119 470.05 23.117 11.3 2.43 63 621 1.34 0.132 4.36 92.2 40.9
926 B 51 1W 21-23 471.21 23.162 11.0 2.45 69 694 1.30 0.095 4.23 68.0 37.1
926 B 51 1W 41-43.5 471.41 23.169 10.7 2.69 89 756 1.33 0.114 4.63 74.5 38.3
926 B 51 1W 63.5-67.5 471.64 23.176 11.5 2.60 29 637 1.33 0.098 2.77 95.9 38.1
926 B 51 1W 109-111 472.09 23.191 11.4 2.43 80 671 1.37 0.125 3.41 64.8 39.8
926 B 51 2W 1.5-3.5 472.52 23.206 39.9
926 B 51 2W 46-49.5 472.96 23.223 37.0
926 B 51 2W 112-114 473.62 23.248 10.7 2.62 120 796 1.21 0.097 3.48 51.0 43.0
926 B 51 3W 72-74 474.72 23.289 10.7 2.47 143 650 1.25 0.158 3.19 68.0 43.9
926 B 51 4W 111-113.5 476.61 23.363 39.3
926 B 51 6W 79-81 479.29 23.516 10.3 2.33 127 737 1.27 0.096 3.78 55.4 42.5
926 B 52 1W 141-143.5 481.91 23.638 44.1
926 B 52 4W 49-51 485.49 23.778 10.8 2.83 96 698 1.26 0.097 3.50 66.8 39.7
926 B 52 6W 11.5-13.5 488.12 23.895 10.7 2.70 29 729 1.28 0.103 3.29 57.0 38.8
926 B 53 1W 99-101.5 491.19 23.996 10.9 2.69 48 699 1.27 0.093 2.96 54.0 45.9
C. dissimilis 926 B 46 4W 71.5-73.5 428.02 21.616 10.3 1.89 46 499 1.21 0.113 5.37 53.9 40.1
926 B 47 5W 25-27 438.65 21.980 10.6 1.74 12 487 1.20 0.111 4.95 44.8 39.9
926 B 48 3W 122-124 446.32 22.238 10.4 1.73 13 508 1.20 0.112 4.54 61.4 41.6
926 B 48 6W 132-134 450.92 22.395 11.2 1.73 182 562 1.23 0.108 6.88 83.4 42.9
926 B 49 3W 83-85 455.53 22.562 10.8 1.79 44 714 1.28 0.119 5.01 64.5 42.4
926 B 49 5W 35-37 458.05 22.650 10.0 1.94 161 609 1.23 0.093 5.13 64.3 43.6
926 B 49 6W 55-57 459.75 22.720 45.3
926 B 50 1W 21-24 461.61 22.795 44.5
926 B 50 1W 71-75 462.11 22.813 46.4
926 B 50 1W 131-134 462.71 22.833 42.8
926 B 50 1W 103.5-107.5 462.44 22.824 43.6
926 B 50 2W 38-42 463.28 22.856 41.8
926 B 50 3W 27-29 464.67 22.914 10.2 1.65 157 653 1.24 0.098 5.84 59.8 39.4
926 B 50 4W 47-49 466.37 22.980 42.8
926 B 50 5W 5.5-7.5 467.46 23.019 42.0
926 B 50 5W 24-28 467.64 23.026 10.7 1.75 65 678 1.26 0.114 5.02 77.4 39.9
926 B 50 5W 68-70 468.08 23.041 10.8 1.73 59 794 1.27 0.124 5.69 82.6 37.0
926 B 50 5W 111-114 468.51 23.057 10.8 1.81 65 729 1.28 0.111 5.69 86.0 41.2
926 B 50 5W 134-137 468.74 23.065 10.8 1.62 179 662 1.28 0.118 8.61 114.8 39.6
926 B 50 6W 28-30 469.18 23.082 10.8 1.63 145 645 1.28 0.133 7.10 104.3 38.1
926 B 50 6W 50-53 469.40 23.091 10.9 1.61 153 634 1.29 0.116 7.68 116.6 41.6
926 B 50 6W 72.5-74.5 469.63 23.100 10.9 1.77 177 676 1.31 0.127 7.05 135.9 40.4
926 B 50 6W 115-119 470.05 23.117 38.2
926 B 51 1W 41-43.5 471.41 23.169 43.1
926 B 51 1W 63.5-67.5 471.64 23.176 9.8 1.77 183 524 1.26 0.084 5.66 75.3 46.4
926 B 51 2W 1.5-3.5 472.52 23.206 41.5
Site, Hole, Core, Section, Half, Int.
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4.9 Supplementary information 2 
Effectiveness of cleaning procedure 
Before palaeoceanographic interpretations are made from trace element data collected 
from ancient foraminiferal calcite, it is important to consider the influence of any 
contaminant phases that remain following the cleaning procedure. This contamination 
is potentially detrimental to palaeoceanographic proxy records, therefore we assess 
the impact though measurement of Al/Ca and Mn/Ca within samples (Figure 4-5 B 
and C). 
Clay mineral removal 
Al/Ca is commonly measured in foraminiferal calcite samples to monitor the 
effectiveness of clay mineral removal following cleaning; however, the accepted 
maximum cut-off value for Al/Ca chosen to indicate effectively cleaned samples 
varies between studies (200 µmol/mol, Williams, 2009; 100 µmol/mol, Abell, 2008; 
40 µmol/mol, Lea et al., 2005; Ferguson et al. 2008). In general, the highest Al/Ca 
values in our samples correspond to the maximum measured values for Li/Ca (>12 
µmol/mol; Figure S 4-1 A) and Ba/Ca (>6 µmol/mol) in D. venezuelana suggesting 
that these elements are most susceptible to contamination from clay minerals. After 
applying an Al/Ca cut-off of 200 µmol/mol to these data we no longer observe 
positive correlation between Li/Ca and Al/Ca (Figure S 4-1 A). We test the 
robustness of the Li/Ca trends to more conservative Al/Ca cut-off values (Figure S 
4-1 B to G) and find that the major features of the Li/Ca record remain even after a 
150 µmol/mol Al/Ca cut off is applied to our data (Figure S 4-1 E). Cut-off values 
below 150 µmol/mol Al/Ca no longer remove exclusively the highest Li/Ca values 
and the large loss of data severely inhibits resolution of the highest frequency trace 
element variability. It is encouraging however that the long-term (106 yr) increase in 
Li/Ca across the study interval remains even after a cut-off of 50 µmol/mol Al/Ca is 
applied (Figure S 4-1 G). 
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Figure S 4-1: Rejection of high Al/Ca samples. Panel A. shows positive correlation of 
Li/Ca with Al/Ca in D. venezuelana. Dashed lines correspond to Al/Ca cut-off values for 
subsequent panels. Panels B to G show the Li/Ca records after removal of Li/Ca values 
paired with Al/Ca above the stated threshold. Error bars represent 2σ external 
reproducibility 
 
0 
50 
100 
150 
200 
250 
300 
350 
400 
450 
500 
550 
600 
10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5 
A
l/
C
a
 (
µ
m
o
l/
m
o
l)
 
Li/Ca (µmol/mol) 
10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
13.5 
14.0 
21.5 22.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
9.0 
9.5 
21.5 22.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
.  
.  
.  
.  
.  
.  
.  
.  
.  
.  22.0 2.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
9.0 
9.5 
10.0 
10.5 
11.0 
11.5 
12
12
3
21.5 22.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
9.0 
9.5 
10.0 
10.5 
11.0 
11.5 
12
12
3
21.5 22.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
9.0 
9.5 
10.0 
10.5 
11.0 
11.5 
12.  
12.  
3.  
21.5 22.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
9.0 
9.5 
10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
21.5 22.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
9.0 
9.5 
10.0 
10.5 
11.0 
11.5 
12.  
12.  
3.  
21.5 22.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
9.0 
9.5 
10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
21.5 22.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
9
9
0
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
21.5 22.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
9.0 
9.5 
0.0 
0.5 
1.0 
1.5 
2.  
2.  
3.  
21.5 2.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
9.0 
9.5 
10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
21.5 22.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
9.  
9.  
0.  
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
21.5 22.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
9
9
0
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
21.5 22.0 22.5 23.0 23.5 24.0 24.5 
L
i/
C
a
 (
µ
m
o
l/
m
o
l)
 
Age (Ma) 
A. 
B. (Al/Ca < 600 µmol/mol)  
C. (Al/Ca < 200 µmol/mol)  
D. (Al/Ca < 175 µmol/mol)  
E. (Al/Ca < 150 µmol/mol)  
F. (Al/Ca < 100 µmol/mol)  
G. (Al/Ca < 50 µmol/mol)  
Trace-element records of palaeo-environmental change across the Oligo-Miocene transition 146 
Our application of the commonly used Al/Ca cut-off technique is clearly a subjective 
method for filtering palaeoenvironmental data for clay contamination. In an effort to 
test the validity of our 200 µmol/mol cut-off, we employ a “statistical” data filtering 
technique by Allison and Austin, (2003) that is designed to filter foraminiferal calcite 
Mg/Ca data contaminated by silicates, identified by high Si/Ca. For this method, a 
linear regression is calculated for Al/Ca against Li/Ca. The null hypothesis that the 
palaeoenvironmental element (Li/Ca) is linearly independent of the contaminant 
element (Al/Ca) is rejected if a p-value of less than 0.05 (two tailed test) is attained 
for the regression. Subsequent regressions are preformed after rejection of each point 
with the highest Al/Ca until the critical p-value of 0.05 is reached and the linear 
dependence between the variables is no longer “significant” (Figure S 4-2). Using 
this method, the critical p-value is reached after removal of points with Al/Ca >335 
µmol/mol; suggesting that our 200 µmol/mol cut-off is stricter than is necessary.  
 
 
Figure S 4-2: Data filtering by linear regression of Al/Ca against Li/Ca. Linear regressions 
calculated after progressive removal of points with highest Al/Ca after method of Allison 
and Austin (2003). Red p-values (>0.05) show when the null hypothesis is rejected and 
linear dependence between the variables is no longer “significant”. 
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We highlight two flaws in the Allison and Austin, (2003) data filtering method. 
Firstly the use of p-values is only applicable to variables that are normally distributed. 
It is clear that contaminant variables, Si/Ca in Allison and Austin, (2003) and Al/Ca 
in this study, violate assumptions of normality and even distribution of variance given 
the skew towards lower values (confirmed by a Shapiro-Wilk test). However, if 
indeed these variables were normally distributed prior to filtering (i.e. by applying a 
log10 transformation), the process of sequentially removing points with the highest 
contaminant values demands a violation of regression assumptions. Consequently the 
assumed level of significance (0.05) associated with a regression is arbitrary. 
Secondly, the Allison and Austin, (2003) method assumes a constant concentration of 
the palaeoenvironmental element in association with the contaminant phase (i.e. 
Mg:Si or Li:Al). This is an incorrect assumption in the case of Al as a measure of Li 
contamination given the wide variability of [Li] within clay minerals (Williams and 
Hervig, 2005). The ideal scenario to which a cut-off method could be applied is a bi-
modal distribution composed of contaminated (high Al/Ca and high Li/Ca) separated 
from uncontaminated samples (low Al/Ca and low Li/Ca) with few intermediate 
values (Figure S 4-3). In this situation however, the pseudo-subjective Allison and 
Austin, (2003) data filtering would still not be applicable given the non-normal 
distribution of variables and a simple identification of a cut-off point by-eye would 
yield the same result. 
 
Figure S 4-3: Bimodal distribution of contaminated and uncontaminated samples. Example 
of an ideal data set to apply an Al/Ca cut-off with contaminated data clearly distinct from 
uncontaminated samples. 
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Palaeoenvironmental trace element records become easily biased by non-random 
removal of data such as our imposition of an Al/Ca cut-off value. Therefore, in an 
effort to retain all geochemical data, we test an alternative method to account for clay 
mineral contamination. We adjust Li/Ca data for the influence of Al/Ca by 
calculating a linear regression and plotting the Li/Ca residuals from this regression 
over time (Figure S 4-4). Variability in this residual Li/Ca record bears a strong 
resemblance (in both magnitude and timing) to the Li/Ca record of D. venezuelana 
having applied a 200 µmol/mol Al/Ca cut-off. This result gives confidence that our 
application of a cut-off technique is introducing little bias to our Li/Ca trace element 
record. 
 
 
 
Figure S 4-4: Li/Ca residuals after linear regression with Al/Ca. A. Benthic δ18O (2006a). B 
and C Comparison of Li/Ca of D. venezuelana with a 200 µmol/mol Al/Ca cut-off applied 
with Li/Ca residuals. 
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Ferromanganese coating removal 
The effectiveness of ferromanganese coating removal from foraminiferal calcite is 
assessed though measurement of Mn/Ca. High values of Mn/Ca in foraminiferal 
calcite samples following cleaning are suggestive of incomplete removal of 
ferromanganese coatings or the presence of a Mn-carbonate phase that is immovable 
by reductive cleaning (Boyle, 1983; Boyle and Keigwin, 1985). Previous studies 
assign a maximum value of 100 µmol/mol for Mn/Ca in cleaned planktic foraminifera 
samples to ensure reliable trace element results (e.g. Boyle, 1983; Tachikawa and 
Elderfiled, 2004; Vance et al., 2009). However, more recently, the trace element 
composition of high Mn overgrowths, and therefore contribution to overall test 
chemistry, is found to vary between sites, calling into question the applicability of 
this cut-off value for Mn/Ca to all sites and core depths (Lea et al., 2005). 
Mn/Ca of cleaned Oligo-Miocene planktic foraminifera from Ceara Rise yield Mn/Ca 
values more than 4 times greater than this 100 µmol/mol threshold (Figure 4-5 C). 
Double reductive cleaning steps, increasing reagent volume (×2), and increasing 
reaction time (×2) were all preformed on test samples from Site 926 to ascertain the 
need for further cleaning. However, even following these more rigorous cleaning 
steps, the Mn/Ca of samples remained in excess of the 100 µmol/mol cut-off, with 
any extra decrease in Mn/Ca was found to be within the uncertainty of the Mn/Ca 
values obtained following the standard cleaning procedure. The failure of extra 
reductive cleaning to significantly remove further high Mn mineralisation strongly 
suggests the presence of an immovable Mn-carbonate phase. It is encouraging 
however that no correlation (r2 values all near zero; <0.05) is observed between 
Mn/Ca measured in planktic foraminiferal calcite samples and any of the trace 
element proxies measured (Figure S 4-5). This lack of correlation suggests that these 
Mn-carbonate phases at this site have little overall effect on the trace element 
compositions in question.  
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Figure S 4-5: Mn/Ca correlation with trace element proxies. Mn/Ca of D. venezuelana 
plotted against trace element proxies Li/Ca, Mg/Ca, Sr/Ca, Cd/Ca, Ba/Ca and U/Ca. R2 
correlation coefficients of less than 0.05 demonstrate the lack of correlation between 
variables. 
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4.10 Supplementary information 3 
Supplementary Figure: 
 
Figure S 4-6: Mg/Li temperature calibration comparison. Panel A. Absolute Mg/Li 
temperature estimates for D. venezuelana Mg/Li data (this study) across the O/M interval, 
using four benthic calibrations (Bryan and Marchitto, 2008) and one planktic (G ruber) 
calibration (M. Henehan personal communication). Panel B. Relative changes in 
temperature estimated from Mg/Li data between 23.5 and 22.5 Ma, showing the magnitude 
of temperature shifts estimated using each calibration. 
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5 Neodymium isotope records of Amazon weathering across the 
Oligocene/Miocene boundary 
5.1 Abstract 
The role of silicate weathering as a long-tern driver or moderator of global climate 
has long been debated. Hence, there is pressing need for both local and global records 
of continental weathering during intervals of climate change in the past, to better 
constrain the response of this important long-term sink for atmospheric CO2. To this 
end, we present neodymium isotope and Nd/Ca records from across the Oligocene-
Miocene (O/M) transition (~23 Ma), measured in fossilised fish teeth and planktic 
foraminiferal calcite from the western equatorial Atlantic ODP Site 926 (Ceara Rise), 
which is situated 800 km from the mouth of the River Amazon. Close correspondence 
between εNd values of planktic foraminiferal calcite and fish teeth (a robust archive of 
deep water εNd) indicates that planktic foraminifera at this site record a deep water εNd 
signal. The extremely low εNd values (average -15) measured in all samples cannot be 
explained by two-component mixing between contemporaneous North Atlantic (εNd = 
-10) and South Atlantic (εNd = -8) deep waters. Rather, the Nd isotopic signal at this 
site appears to be influenced mainly by local weathering of ancient Guianan Shield 
rocks. Our foraminifera and fish tooth εNd records therefore represent a record of 
neotropical continental weathering across the O/M transition. Notably, εNd values are 
low during intervals of glacial expansion, including the Mi-1 glaciation at 23 Ma. 
These excursions in the Nd records suggest that the flux of weathered Nd from 
continental Amazonia was higher during these intervals, despite global cooling and 
lower chemical reaction rates. We propose that continental erosion rates increased as 
a result of changes in Amazonian vegetation cover, controlled by local aridity, 
associated with ice sheet expansion in the southern hemisphere. Thus, at this tropical 
site, erosion, rather than climate, is the main control on weathering rates, even on 
geologically short timescales. 
Keywords: Neodymium isotopes, planktic foraminifera, fish teeth, weathering, Oligocene-Miocene 
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5.2 Introduction 
The Oligocene-Miocene boundary at 23 Ma is punctuated by an abrupt positive 
excursion (>1.5‰) in the benthic foraminiferal oxygen isotope (δ18O) record (Figure 
5-1 A; Pälike et al., 2006a). This perturbation, classically termed the “Mi-1 event” 
(Miller et al., 1991), is now well dated cyclo- and magnotostratigraphically to “58Ol-
C6Cn” in the scheme of Wade and Pälike, (2004) and Pälike et al., (2006b), and is 
interpreted in terms of considerable ice sheet expansion on Antarctica (up to near 
present-day Antarctic ice volumes; Liebrand et al., 2011) of approximately 200 kyr 
duration. While the orbitally paced timing of this event is now well documented 
(Zachos et al., 1997; Paul et al., 2000; Zachos et al., 2001) the long term (106 yr) 
processes affecting the carbon cycle that preconditioned the Oligocene climate to 
respond in this “threshold” manner remain poorly understood. Draw-down of 
atmospheric CO2, through increased burial of organic carbon, during this interval has 
been invoked to explain the contemporaneous maximum in benthic foraminiferal 
carbon isotope values (Paul et al., 2000); however, this hypothesis is largely 
unsupported given a lack of concomitant, widespread, organic-rich deposits (Lear et 
al., 2004). An alternative forcing mechanism on the carbon cycle is therefore 
required, a clear candidate being the weathering of silicate rocks. Changes in 
atmospheric CO2 on geological time scales are caused by imbalances between mantle 
degassing and the removal of CO2 from the atmosphere by silicate weathering 
reactions (Berner et al., 1983). Increases in silicate weathering are implicated in other 
glacial intensifications during the Cenozoic (Raymo and Ruddiman, 1992; Zachos 
and Kump, 2005; Clark et al., 2006; Vance et al., 2009), but the role of silicate 
weathering as a driver of climate change (Francois and Walker, 1992; Raymo and 
Ruddiman, 1992) or as a buffer to large changes in global temperatures and ice 
volume (Walker et al., 1981; Berner et al., 1983; Broecker and Sanyal, 1998) remains 
unclear. Reconstructions of silicate weathering are therefore required across intervals 
of climate change such as the Mi-1 event. 
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Measurements of the trace element and isotopic composition of biogenic material 
preserved in ancient marine sediments have been utilised to reconstruct palaeo-
seawater chemistry and give insight into changes in silicate weathering across the 
Cenozoic (review by Frank, 2002). Isotope systems used for this purpose include 
7Li/6Li (Hathorne and James, 2006; Misra and Froelich, 2012), 87Sr/86Sr (McArthur et 
al., 2001), 187Os/188Os (Ravizza and Peucker-Ehrenbrink, 2003; Oxburgh et al., 2007; 
Burton et al., 2010), 206Pb/207Pb (Burton, 2006), 176Hf/177Hf (Bayon et al., 2009), and 
143Nd/144Nd  (Burton and Vance, 2000; Burton, 2006) as the isotope budget of each 
system is (at least in part) controlled by changes in riverine flux and composition. 
The temporal resolution of the weathering records is dictated by the oceanic residence 
time (τ) of the element. The long τ of Sr (>4 Myr; Veizer, 1989) and Li (~1 Myr; 
Delaney and Boyle, 1986; Huh et al., 1998) prohibit the use of these proxies for 
assessment of short-term (sub-106 yr) weathering fluctuations. Of the weathering 
proxies with shorter τ, the 143Nd/144Nd isotope proxy (quoted in ε notation relative to 
the chrondritic uniform reservoir; CHUR) is unique as it is relatively unaffected by 
congruence of weathering (Goldstein et al., 1984) and hydrothermal input to the 
oceans (Halliday et al., 1992) and is predominantly controlled by the composition of 
weathered continental rock.  
The radiogenic isotope 143Nd is the daughter product of the slow decay of 147Sm 
(half-life = 1.06 x1011 years), therefore the abundance of 143Nd relative to the stable, 
unradiogenic 144Nd isotope is a function of both the initial Sm/Nd ratio and the age of 
the rock. The higher Sm/Nd ratio of the mantle relative to the crust (147Sm/144Ndmantle 
≈ 0.2; 147Sm/144Ndcrust ≈ 0.1; O'Nions et al., 1977; Taylor and McLennan, 1985; 
Salters and Stracke, 2004) means that ancient continental rocks have very low εNd 
(down to -40), whereas younger volcanic rocks generally have much higher εNd 
values (up to +20; Frank, 2002). Nd is transferred from the rock reservoir to the 
oceans by three main processes: (i) Riverine transport of dissolved Nd sourced from 
weathered continental rocks (Ingri, 2000; Arsouze et al., 2009), (ii) “Boundary 
exchange” between continental-margin sediments and seawater (Lacan and Jeandel, 
2001; Lacan and Jeandel, 2005) and (iii) Aeolian dust (although the relative 
importance of this final source is debated; Jones et al., 1994; Tachikawa et al., 1999). 
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τNd is shorter than the mixing time of the oceans (200 to 1900 years; Jeandel, 1993; 
Jeandel et al., 1995; Tachikawa et al., 1999; Arsouze et al., 2009) hence different 
water masses have contrasting εNd, which reflects the εNd value of local rivers and 
continental shelf sediments (Arsouze et al., 2007; Jeandel et al., 2007). Depending on 
sampling site, the palaeoceanographic utility of Nd is two-fold (Frank, 2002): 
changes in seawater εNd can be interpreted in terms of changes in the provenance of 
water masses bathing a particular site (e.g. Piotrowski et al., 2005; Scher and Martin, 
2004; Via and Thomas, 2006) or changes in the strength of the local continental 
weathering flux in relative proximity to major riverine input sources (e.g. Burton and 
Vance, 2000). 
Records of deep water εNd are most commonly obtained from analysis of 
ferromanganese crusts and coatings (Piepgras and Wasserburg, 1980; Frank et al., 
1999; Reynolds et al., 1999; Foster et al., 2007; Gutjahr et al., 2008), fossilised fish 
teeth (Staudigel et al., 1985; Martin and Scher, 2004) or cold water corals (van de 
Flierdt et al., 2006; Robinson and van de Flierdt, 2009; van de Flierdt et al., 2010). 
Macroscopically layered, ferromanganese mineral growths incorporate bottom water 
Nd during precipitation in the deep sea (Frank et al., 1999), whereas fish teeth 
incorporate Nd post-mortem during early diagenesis of the biogenic apatite at the 
sediment-water interface (Martin and Scher, 2004). Of these substrates, fossilised fish 
teeth recovered from deep sea sediment cores yield the highest spatial and temporal 
resolution for εNd records and most importantly are resistant to late diagenetic 
overprinting (Shaw and Wasserburg, 1985; Martin and Scher, 2004). 
While there are a number of techniques available for reconstructions of deep water 
εNd, reductively cleaned planktic foraminiferal calcite is currently the only exploitable 
archive of surface water Nd concentration and isotopic composition that can be 
routinely collected from deep sea sediment cores (e.g. Pleistocene records of Burton 
and Vance, 2000; Vance and Burton, 1999). However, caution must be exercised 
when interpreting these planktic foraminiferal records, as the primary Nd 
composition of the foraminifera is susceptible to diagenetic overprinting in deep 
water and sediments (Roberts et al., 2010). Diagenetic ferromanganese coatings are 
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extremely enriched in Nd (200 ppm) compared with biogenic calcite (0.1 ppm) and 
therefore must be effectively chemically removed from planktic foraminifera before 
surface water Nd values can be recovered (Pomiès et al., 2002). Despite this caveat, 
surface water εNd records from sites in close proximity to major centres of fluvial 
discharge can allow changes in riverine Nd flux to be tracked more directly through 
their impact on local surface waters (Burton and Vance, 2000). 
Here we present Nd/Ca and Nd isotope data obtained from fish teeth and cleaned 
planktic foraminifera from Oligocene-Miocene sediments from the Ceara Rise to 
assess changes in the weathering flux from the Amazon during this interval of climate 
change. Firstly, we assess whether current cleaning procedures allow surface water 
Nd records to be extracted from ancient (23 Ma) planktic foraminiferal calcite 
samples. Also from these records, we infer tropical weathering dynamics that allow 
us to better constrain the cause and effect linkages between silicate weathering and 
climate change during episodes of global cooling in the early-icehouse world of the 
Cenozoic. 
 
5.3 Methodology 
5.3.1 Geological setting & chronology 
Samples spanning the O/M boundary were selected from sediment cores recovered 
from ODP Leg 154, Site 926, Hole B (3°43.148'N, 42°54.507'W, 3598.3 m present 
water depth; Shipboard Scientific Party, 1995), which is situated approximately 800 
km to the northeast of the mouth of the River Amazon. Magnetostratigraphic age 
control is not available for ODP Leg 154 cores, but a high quality 
magnetostratigraphy is available for ODP Site 1090, Agulhas Ridge (Billups et al., 
2002; Channell et al., 2003) which has been correlated to ODP Site 926 (Liebrand et 
al., 2011; Figure 5-1). Sample ages are reported relative to the astronomically tuned 
age model for ODP Site 926 (Pälike et al., 2006a). 
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5.3.2 Sample preparation 
Sediment samples were dried in an oven at 50°C, then gently disaggregated in 
deionised water using a shaker table and washed over a 63 µm sieve. Small (1 mg) 
foraminiferal calcite samples of the large, abundant and continuous planktic 
foraminifer Dentoglobigerina venezuelana were picked from the 355-400 µm size 
fraction for trace-element analysis, following the morphotype description of Stewart 
et al., (2012). Where possible, a second planktic foraminifera species (Catapsydrax 
dissimilis) was also picked from the 355-400 µm size fraction. For the purposes of 
this study, we use a sensu lato species description for C. dissimilis that includes C. 
ciperoensis, as the palaeoecologies of these two species are indistinguishable 
(Stewart et al., 2012). In addition, larger samples of D. venezuelana (~25 mg) and G. 
bulloides (~5 mg) were picked for isotope analysis. Finally, fossilised fish teeth (and 
one fish bone sample) were also taken for εNd analysis. Each sample consisted of on 
average 3 individual teeth. 
5.3.2.1 Cleaning procedure 
All foraminifera and fish teeth samples were subject to cleaning prior to Nd analysis; 
however larger D. venezuelana samples were first split into two or three sub-samples 
to ensure cleaning effectiveness. Adhering clay particles were removed through 
repeated ultrasonication and rinsing with deionised water and methanol. Samples 
were then subject to first reductive then oxidative cleaning to remove ferromanganese 
oxide coatings and organic matter, respectively. Finally, the calcite tests and fish 
teeth were given a weak acid “polish” to remove any re-adsorbed ions (Boyle and 
Keigwin, 1985; Rosenthal et al., 1997; Rosenthal et al., 1999; Hathorne, 2004). 
Foraminiferal calcite samples for trace-element analysis were dissolved in 500 µl of 
0.075 M HNO3 whereas the larger samples for isotopic analysis were dissolved in 6 
ml of 0.075 M HNO3. Apatite fish teeth samples, which are slightly more resistant to 
dissolution, were dissolved in 0.15 M HNO3.  
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5.3.2.2 Separation of Nd from matrix 
A two-stage cation exchange chromatography procedure was implemented to isolate 
Nd from matrix elements. Dissolved samples were dried on a hotplate and then re-
dissolved in 0.2 M HCl. The sample solution was loaded onto a cation exchange 
column (containing Bio-Rad™ AG50W-X12; James and Palmer, 2000) and Li, Na, 
Ca, Mn, Mg, and Sr were removed by eluting with 4 M HCl. The light rare earth 
elements (LREEs) were then collected in 6 M HCl. The LREE fraction was then 
dried down and re-dissolved in 0.18 M HCl, before loading onto a second cation 
exchange column containing Eichron™ Ln spec resin of particle size 50-100 µm (Pin 
and Zalduegui, 1997; Míková and Denková, 2007). Residual Sr and approximately 
90% of the Ce were first discarded by eluting with 8 ml of 0.18 M HCl, and the Nd 
fraction was collected by eluting with a further 7 ml of 0.18 M HCl.  
5.3.3 Analytical techniques 
5.3.3.1 Trace element analysis 
Prior to Nd/Ca and Nd isotope analysis, the Ca content of all sample solution was 
determined by inductively coupled plasma optical emission spectroscopy (ICP-OES; 
Green et al., 2003). Measurements of Ca concentration were used to assess the loss of 
sample mass during the cleaning procedure, and to ensure that the samples and 
standards were matrix matched. Nd/Ca ratios were then determined by ICP-MS 
(Perkin Elmer DRC) using the technique of Rosenthal et al., (1999). The external 
reproducibility of the Nd/Ca measurements was 3.4% (2σ) based on repeat analysis 
of two foraminiferal calcite consistency standards (n=23, for both standards). Mn/Ca 
was also determined for each sample during the same ICP-MS run to test the 
effectiveness of ferromanganese coating removal. 
5.3.3.2 Nd isotope analysis 
The Nd isotopic composition of the samples was determined at the National 
Oceanography Centre Southampton by MC-ICP-MS (ThermoFisher Neptune) in 
static mode following Vance and Thirwall (2002). 143Nd/144Nd ratios were mass-bias 
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corrected to the 146Nd/144Nd ratio of 0.7219 (O'Nions et al., 1977; Wombacher and 
Rehkämper, 2003). The external mass spectrometric reproducibility of the Nd isotope 
measurements at 144Nd ion currents of around 8 × 10−11 A is better than 0.16 εNd (2σ; 
n=37). All sample data were adjusted through normalisation of session specific 
average JNdi-1 143Nd/144Nd to the accepted JNdi-1 standard value of 0.512115 
(Tanaka et al., 2000). Samples were corrected for post-depositional ingrowth of 143Nd 
from 147Sm (εNd(0) values converted to εNd(t)); note, however, that this adjustment is 
small for 23 Ma samples (εNd(0) - εNd(t) ≈ -0.17).  
5.4 Results 
5.4.1 Nd/Ca in planktic foraminifera 
Figure 5-1 compares our records of planktic foraminiferal Nd from Site 926 with the 
benthic oxygen isotope record of Pälike et al., (2006a). Nd/Ca in D. venezuelana 
fluctuates around an average value of 1.9 µmol/mol and shows three broad peaks at 
23.6 Ma, 23.0 Ma and 22.2 Ma, each of approximately 500 kyr duration (Figure 5-1 
B; Table 5-1). The size of the peaks decreases in magnitude over time from 
approximately 2 µmol/mol above the average in the late Oligocene to 1 µmol/mol in 
the early Miocene.  
Nd/Ca data for C. dissimilis are shown in Figure 5-1 C. The values are remarkably 
similar to those for D. venezuelana (R2 = 0.84). Mn/Ca values of foraminiferal calcite 
samples are wide ranging, from 500 to 1000 µmol/mol, however there is no 
correlation between Mn/Ca and Nd/Ca for either species, suggesting (to a first 
approximation) that ferromanganese coatings were effectively removed during the 
cleaning process (Figure 5-2). It is important to note however that both our Mn/Ca 
and Nd/Ca values are considerably higher (+500 and +1 µmol/mol respectively) than 
values measured in more recent (Pleistocene or younger) planktic foraminiferal 
calcite samples (crosses in Figure 5-2 from Palmer and Elderfield, 1985; Vance and 
Burton, 1999; Martínez-Botí et al., 2009). 
Neodymium isotope records of Amazon weathering across the Oligocene/Miocene boundary 175 
 
Figure 5-1: εNd and Nd/Ca records from the Oligo-Miocene boundary at ODP Site 926. A. 
Benthic oxygen isotope record (Pälike et al., 2006a) with sustained glacial intervals (≥100 
kyr) including the Mi-1 marked by vertical grey bars. B. Nd/Ca measured in D. 
venezuelana. Black crosses show repeat measurements. C. Nd/Ca measured in C. 
dissimilis. Error bars represent the 2σ external reproducibility of consistency standards 
measured alongside samples. D. εNd measured in fossilised fish teeth (green triangles), D. 
venezuelana (blue circles) and G. bulloides (red circles). Blue dashed lines show the εNd 
values of northern and southern component water during the O/M interval (von 
Blanckenburg, 1999; Scher and Martin, 2006). Error bars show the 2 standard error of each 
measurement. Magnetostratigraphic correlation from ODP Site 1090, South Atlantic 
(Billups et al., 2002; Channell et al., 2003). 
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Figure 5-2: Mn/Ca vs. Nd/Ca for planktic foraminifera from this study. D. venezuelana are 
shown by orange diamonds and C. dissimilis are shown by white circles. Error bars 
represent the 2σ uncertainty based on repeat measurement of consistency standards. Also 
shown are down core planktic foraminifera data from the Labrador Sea (black crosses; up 
to 100 meters below seafloor; Vance and Burton, 1999), and core top data from the 
Mediterranean Sea (red crosses; Martínez-Botí et al., 2009) and equatorial Atlantic Ocean 
(blue crosses; Palmer, 1985). Black dashed line marks suggested maximum Mn/Ca value 
for surface water εNd reconstructions by Vance and Burton, (1999). 
5.4.2 εNd in planktic foraminifera and fish teeth 
εNd(t) records for D. venezuelana, G. bulloides and fish teeth are shown in Figure 5-1 
D and listed in Table 5-2. All εNd(t) values for D. venezuelana are less than -13 and 
have an average value of -15.0. εNd(t) of G. bulloides is within the uncertainty of D. 
venezuelana values of equivalent age with the exception of a 1.5 ε offset at 23.3 Ma. 
The fish tooth εNd(t) record shows a similar pattern to the foraminifera records, but  
absolute εNd values are  slightly higher, with an average of -14.5. Considered together, 
the εNd records show negative excursions of approximately 1 ε during the prolonged 
oxygen isotope maxima. 
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5.5 Discussion 
5.5.1 Acquisition of Nd in foraminiferal calcite 
To interpret foraminiferal εNd records, we must first assess whether the Nd signal is 
acquired in surface waters, as it is for some sites (e.g. Burton and Vance, 2000), or 
deep waters, as it is for others (e.g. Pomiès et al., 2002; Roberts et al., 2012). Figure 
5-3 shows Nd concentration data ([Nd]) for surface (Panel A) and deep waters (Panel 
B), while Figure 5-4 shows concentration-depth profiles for the Atlantic (Panels A, B 
and C), Indian (Panel D), and Pacific Oceans (Panel E). [Nd] is typically low in 
surface waters with a trend towards higher [Nd] at depth, particularly in open ocean 
settings (i.e. Amakawa et al., 2009; Bertram and Elderfield, 1993; Goldstein and 
Hemming, 2003; Jeandel et al., 1998; Piepgras and Jacobsen, 1988). Therefore high 
Nd/Ca in planktic foraminiferal calcite is interpreted to represent overprinting of the 
primary surface water signal at depth. The average Nd/Ca values measured in both 
planktic foraminiferal species at this site (~2 µmol/mol; Figure 5-1 B and C) are more 
than an order of magnitude higher than Nd/Ca values measured in living and recently 
buried specimens of planktic foraminifera recovered from plankton tows and core top 
samples in the Indian Ocean and Mediterranean Sea (Martínez-Botí et al., 2009). It is 
difficult however, to compare Nd/Ca for different species, separated both spatially 
and temporally. The closest site to Ceara Rise for which [Nd] data are available is 
TTO/TAS Station 63 at 7°44'N, 40°42'W (crosses in Figure 5-4 Panel B), which is 
approximately 500 km northeast of ODP Site 926 (Piepgras and Wasserburg, 1987). 
At this site, there is little change in [Nd] with depth, because of input of 
continentally-derived Nd to surface waters. If this is the case for the Ceara Rise, then 
it could account for the similar Nd/Ca values measured for thermocline- (D. 
venezuelana) and sub-thermocline-dwelling (C. dissimilis) species. However, even 
these high surface water neodymium concentrations are likely insufficient to explain 
the elevated Nd/Ca values of planktic foraminifera from this site. 
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Figure 5-3: Nd concentration map ([Nd]) of the modern ocean.  Panel A shows surface 
water [Nd]. Panel B shows [Nd] in deep waters (>1000 m). All data are from the 
compilation by Lacan F., Tachikawa K., Jeandel C. For full access to data and reference list 
see http://www.legos.obs-mip.fr/~lacan/NdDatabse.htm. Panels C to G. show the [Nd] 
profiles for the world’s oceans, including data available closest to the Ceara Rise 
(TTO/TAS Station 63; Piepgras and Wasserburg, 1987). 
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Figure 5-4: [Nd] depth profiles of the modern ocean basins, including available data closest 
to the Ceara Rise (crosses in Panel B; TTO/TAS Station 63; Piepgras and Wasserburg, 
1987). All data are from the compilation by Lacan F., Tachikawa K., Jeandel C. For full 
access to data and reference list see http://www.legos.obs-mip.fr/~lacan/NdDatabse.htm. 
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Assuming a Nd/Ca value for seawater at Ceara Rise 23 Myr ago of 2 nmol/mol (i.e. 
[Nd] = 60 pmol/kg; Figure 5-3), and [Ca] at 23 Ma of 12 mmol/kg (Heuser et al., 
2005), the partition coefficient for Nd between foraminiferal calcite and seawater 
(DNd = (Nd/Ca)foram/(Nd/Ca)seawater) is approximately 400. High values of DNd such as 
this are a source of much debate. They have been attributed to re-adsorption of Nd 
released from coatings (accumulated in bottom waters) after cleaning (Pomiès et al., 
2002), or late addition of Nd from organic matter to test calcite in surface waters 
(which would preserve surface water εNd, but not concentration; Martínez-Botí et al., 
2009; Vance et al., 2004). In this case, re-adsorption of Nd from coatings following 
cleaning is consistent with the lack of correlation between Nd/Ca and Mn/Ca but it is 
not possible to rigorously assess whether Nd/Ca was acquired in surface or deep 
water from the Nd/Ca data alone. Rather, it is best to compare planktic foraminiferal 
εNd data with εNd for fish teeth, which are a robust recorder of deep water εNd (Martin 
and Scher, 2004).  
The strong similarity observed between εNd records from both surface and 
thermocline dwelling planktic foraminifera and fish teeth at Site 926 strongly 
suggests that planktic foraminifera are also incorporating a bottom water εNd signal at 
this site. While we do not discount the possibility that εNd values of surface and deep 
waters at Ceara Rise were similar during the Oligo-Miocene, as they are in the 
modern equatorial Atlantic (Figure 5-5), it remains likely that our foraminiferal Nd 
records represent changes in bottom water εNd, rather than surface waters, given the 
high DNd values calculated and the similarity between planktic foraminiferal and fish 
teeth εNd records. This result further questions the applicability of ancient planktic 
foraminifera as a substrate for reconstructing changes in surface water Nd (Pomiès et 
al., 2002). However, given the close proximity of this site to the Amazon outflow, 
rich in particulate carried Nd, even deep waters are likely to be affected by 
continental input of Nd, as discussed below.  
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Figure 5-5: εNd profile for the modern equatorial Atlantic Ocean. (TTO/TAS Station 63; 
7°44'N, 40°42'W; Piepgras and Wasserburg, 1987). Note the similar εNd composition (-13) 
of surface and deep water.  
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5.5.2 Sources of deep water Nd at Ceara Rise 
5.5.2.1 Water mass advection? 
The unradiogenic εNd (down to -40) of Proterozoic and Archean rocks surrounding 
the North Atlantic introduces a weathering flux of Nd from the continents into the 
North Atlantic with characteristically low εNd (-13.5; Piepgras and Wasserburg, 1987; 
von Blanckenburg, 1999). In contrast, more radiogenic Nd (εNd up to +20), sourced 
from weathering of the extensive young island arc volcanics surrounding the Pacific 
Ocean, gives deep water masses formed in the Southern Ocean relatively high εNd 
compositions (between -7 and -9; Piepgras and Wasserburg, 1987; von Blanckenburg, 
1999). These two deep water masses bathe Atlantic Ocean sites and impose 
distinctively low deep water εNd values on waters at sites dominated by northern 
component deep waters (average -13.5) and relatively high εNd values on sites 
influenced by southern component waters (up to -7; von Blanckenburg, 1999). The 
very low εNd values of northern component water are only observed in late Neogene 
records, following increased isolation of the Atlantic and Pacific Oceans after the 
closure of the Central American Seaway during the Pliocene (Burton et al., 1997; 
Burton et al., 1999). The εNd of northern component water in the Miocene is therefore 
estimated to have been only as low as -10 (Scher and Martin, 2006). Long Cenozoic 
εNd records from ferromanganese crust samples suggest that deep waters formed in 
the high northern latitudes were bathing equatorial and north Atlantic sites during the 
Oligo-Miocene (εNd = -10 or lower) with little evidence for influence of southern 
component mixing at these latitudes (O'Nions et al., 1998; Frank et al., 2002; Frank, 
2003; Thomas and Via, 2007). Thus, the very low average εNd measured in fish teeth 
and planktic foraminifera from Site 926 (-15; lower even than modern northern 
component water) cannot be explained by simple mixing between northern and 
southern component deep water (dashed lines in Panel D., Figure 5-1). Rather, the 
deep water εNd at Ceara Rise must be due to an additional local Nd source, with very 
low εNd. A clear candidate is “boundary exchange” (Lacan and Jeandel, 2005) with 
weathered continental material from the River Amazon (Figure 5-6).  
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Figure 5-6: Amazon basement geology and modern εNd of suspended particulate material 
and drainage during the Oligo-Miocene. Red marker shows the proximity of the Ceara Rise 
study site to the Amazon fan. Panel A. εNd of modern suspended sediments in Amazon 
tributaries (coloured squares and bold text correspond to εNd scale bar; Allègre et al., 1996) 
and its relationship with basement geology. Shaded regions show ancient lithological units 
(Phanerozoic rocks and sediments excluded). Panel B. Amazon drainage during the Oligo-
Miocene. Black arrows and dashed line show the hypothesised drainage pattern and 
inferred watershed for the O/M respectively (Figueiredo et al., 2009; Shephard et al., 2010). 
Paleo-altitude of the Proto-Andes from the data compilation by Garzione et al., (2008). 
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5.5.2.2 A local continentally weathered source? 
Suspended particles from the modern Amazon fan and its tributaries have high [Nd] 
(~40 ppm; Goldstein et al., 1984; McDaniel et al., 1997) and a wide range of εNd 
values (from -8 to -22; Allègre et al., 1996) that reflect the age of the bedrock being 
drained. Extremely low εNd values are observed in the eastern tributaries (Tapajós 
tributary εNd = -19.78 and Trombetas tributary εNd = -21.85), which drain very ancient 
rocks (>2.3 Ga) of the Guiana Shield. The drainage pattern of the Amazon during the 
Oligo-Miocene is inferred to have been very different from today as a result of 
limited Andean uplift (black arrows in Figure 5-6; Figueiredo et al., 2009; Hoorn et 
al., 1995; Hoorn, 2010; Shephard et al., 2010). Pre-Middle Miocene stratigraphic 
records (Cunha et al., 1994; Eiras et al., 1994) suggest that the Purus arch presented a 
physical barrier that divided drainage into two catchments: the Eastern Amazon 
fluvial system and the Pebas wetlands to the west (Figueiredo et al., 2009). The more 
restricted eastern Amazon basin would deliver Nd almost exclusively derived from 
weathering of the Guiana Shield, such that the Amazon outflow would have very low 
εNd (down to -20). The dominance of the Guiana Shield as a source of terrigenous 
sediment to the Ceara Rise during the Oligo-Miocene is confirmed by colour, grain-
size and REE assemblage logs of sediments recovered from other ODP Leg 154 sites 
(Dobson et al., 2001). The low εNd of the eastern Amazon is the only local source 
capable of producing the εNd values observed in our records and therefore the deep 
water εNd signal at Ceara Rise is (at least) a three component mixing between the 
relatively high εNd of the two Atlantic deep water masses and the low εNd weathered 
Amazon basement. Moreover, fish tooth deep water εNd values (Newkirk and Martin, 
2011) converge towards values of residual silicate fractions (measured by Ned, 2011) 
at Ceara Rise as sediment flux increases following more rapid Andean uplift after 10 
Ma. This result is consistent with our hypothesis that deep water compositions at this 
site are dependent on the flux of Nd sourced from the South American continent and 
it’s mixing with Nd of background ambient open seawater compositions. Thus, we 
conclude that variations in our Oligo-Miocene εNd records must represent changes in 
delivery of Nd from the Amazon its subsequent mixing with the equatorial Atlantic 
water masses. 
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5.5.2.3 Change in Amazon Nd flux or change in sedimentation? 
The positive excursions in the benthic foraminiferal record of δ18O, including the Mi-
1 event, represent intervals of decreased deep water temperatures and/or increased ice 
volume across this Epoch transition (Pälike et al., 2006a). Excursions in εNd measured 
in fish teeth and foraminiferal calcite towards lower values during extended (≥100 
kyr) glacial intervals are indicative of greater delivery of Nd from the eastern 
Amazon basin, to the deep water environment of the Ceara Rise. There are two ways 
to increase delivery of Nd from the Amazon to the Ceara Rise during these glacial 
intervals: (i) More efficient transfer of Nd to the Ceara Rise, through increased 
exchange between the sediments on the continental shelf and seawater, and (ii) an 
increase in the flux of Nd from the Amazon due to higher rates of continental 
weathering. 
Analysis of shelf and continental slope sediments and modelling studies show that 
“boundary exchange” of Nd is an important part of the oceanic Nd cycle that exerts a 
control on εNd values of local seawater (Lacan and Jeandel, 2001; Lacan and Jeandel, 
2005; Arsouze et al., 2007; Jeandel et al., 2007; Horikawa et al., 2011; Rempfer et al., 
2011; Wilson et al., 2012). The “boundary exchange” process is thought to be more 
efficient when levels of oxygen in the overlying water column are low (Jeandel et al., 
2007). However, the percentage total organic carbon at Site 926 remains low 
throughout the sampled interval (Diester-Haass et al., 2011), suggesting little change 
in oxygenation of the sediments, so change in the efficiency of “boundary exchange” 
at this site seems unlikely unless other factors influence the release of sedimentary 
Nd to ambient bottom water. Nevertheless, given that our εNd records respond in 
phase with changes in ice-growth and cooling, it is reasonable to suggest that delivery 
of weathered continental material to the Ceara Rise is affected by changes in sea 
level. Recent sea level lowstands such as that of the last glacial maximum resulted in 
increased accretion at the deep water Amazon fan due to a reduction in depositional 
area on the continental shelf (McDaniel et al., 1997). More distal deposition of 
Amazon sediments, closer to the Ceara Rise, could increase “boundary exchange” 
efficiency to this site; however, sedimentological evidence suggests that large-scale 
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sedimentation of the Amazon Fan did not start until the late Miocene (Figueiredo et 
al., 2009). The relatively low sediment flux from the proto-Amazon was easily 
accommodated on the continental shelf during the Oligo-Miocene. Thus, the best 
explanation for lower deep water εNd during Oligo-Miocene glacial intervals is an 
increased weathering flux from the Amazon. However, this hypothesis implies that 
weathering rates were higher in this region, despite globally lower temperatures and 
drier climates, which runs counter to the positive correlation between weathering 
rates and temperature and precipitation on a global scale (Walker et al., 1981; Walker 
and Kasting, 1992). We therefore explore the effects of Amazon vegetation on 
continental denudation rates, and its response to climate change. 
5.5.3 Climate change, vegetation and weathering style of the Amazon 
The position of the Intertropical Convergence Zone (ITCZ) strongly dictates levels of 
precipitation in equatorial regions such as the Amazon and is controlled by ocean-
atmosphere-continental heat exchange (Philander et al., 1996). Records of dust 
provenance in the Pacific Ocean (Pettke et al., 2002; Hyeong et al., 2005), 
palaeoclimatic temperature (Koutavas et al., 2004; Sachs et al., 2009; Holbourn et al., 
2010; Rincón-Martínez et al., 2010), and climate models (Chiang and Bitz, 2005; 
Broccoli et al., 2006) during intervals of global cooling, all suggest that the ITCZ is 
shifted meridionally away from the hemisphere where cooling is most intense. This 
phenomenon is observed on both modern glacial-interglacial (Koutavas et al., 2004; 
Chiang and Bitz, 2005; Broccoli et al., 2006; Sachs et al., 2009; Rincón-Martínez et 
al., 2010) and multimillion-year timescales (Pettke et al., 2002; Hyeong et al., 2005; 
Holbourn et al., 2010). It is reasonable to assume therefore that intervals of Antarctic 
glacial expansion during the Oligo-Miocene caused a northward deviation in the 
position of the ITCZ, perhaps shifting major centers of precipitation away from the 
Amazon region. Goethite-hematite ratios in the terrigenous fraction of Site 926 
sediments reveal that intervals of lowland aridity are linked to higher total mass 
accumulation rates at Ceara Rise over the last 13 Myr, as a result of enhanced 
Amazonian continental erosion (Harris and Mix, 2002). It is postulated that a fall in 
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local precipitation reduces the density of vegetation cover, leaving exposed soils and 
rocks more prone to erosion (Harris and Mix, 2002). 
Both zoological (Haffer, 1969; Prance, 1982; Haffer and Prance, 2001; Haffer, 2008) 
and palynological evidence (van der Hammen, 1974; Hooghiemstra and van der 
Hammen, 1998; van der Hammen and Hooghiemstra, 2000) suggests that during dry 
intervals, such as the last glacial maximum (~20 ka), the Amazon Rainforest was 
partitioned into isolated refugia by incursion of savanna biomes into previously 
forested regions. While opinion remains divided as to the extent of savanna 
expansion (e.g. Haffer, 2008 vs. Colinvaux et al., 1996 & Colinvaux and De Oliveira, 
2001), recent intervals of lower rainfall have had a clear impact on terrestrial flora 
and hence the susceptibility of the exposed land surface to erosion. Changes in 
Amazon vegetation in response to changes in local precipitation are also observed in 
pollen records from earlier in the Cenozoic, with high floral diversity linked to wet 
intervals and relative global warmth (e.g. in the Early Eocene; Jaramillo, 2002) and 
low diversity associated with incursion of savanna belts and montane flora during 
drier intervals and global cooling (e.g. the Oi-1 glaciation at 34 Ma; Jaramillo, 2010; 
Jaramillo et al., 2006). Glacial advance at high latitude during the Mi-1 event is also 
associated with low floral diversity in the neotropical region of South America 
(Jaramillo et al., 2006), suggesting that this was also an interval of Amazonian aridity 
and savanna expansion. Thus, it is reasonable to conclude that increased fluxes of Nd 
from the Amazon to the Atlantic Ocean during intervals of global cooling across the 
Oligo-Miocene boundary are the result of decreased vegetation cover, linked to local 
aridity.  
A key question is, what are the implications of higher supply of weathered material 
for levels of atmospheric CO2? Our εNd data indicate that at the Oligocene-Miocene 
boundary, the Amazon was mainly draining ancient Shield rocks, so weathering is 
likely to have been “transport limited” (Stallard and Edmond, 1983). In this case, the 
rate of silicate weathering is directly proportional to the removal of material by 
erosion, as is typical of tropical regions (West et al., 2005). Thus, during episodes of 
global cooling in the Oligo-Miocene, such as the Mi-1 event, increased erosion in the 
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Amazon basin would act to increase silicate weathering, which would reinforce 
cooling. Thus, while at the global scale silicate weathering acts as a negative 
feedback on pCO2 (e.g. Walker et al., 1981; Walker and Kasting, 1992), our records 
reveal that this may not be the case on the local scale. 
5.6 Conclusions and implications 
Planktic foraminiferal calcite records of εNd from Oligo-Miocene sediments at Ceara 
Rise are found to be similar to values recorded in fossilised fish teeth, and they 
therefore most likely reflect bottom water εNd. This result casts doubt on the utility of 
planktic foraminiferal calcite as a substrate for reconstruction of records of εNd in 
surface waters, particularly in ancient sediments and in regions of high particle flux 
such as the Ceara Rise. 
Extremely low bottom water εNd values across the interval of study cannot be 
explained by simple mixing between northern and southern component Atlantic deep 
waters. Rather, we suggest that Nd derived from weathering of ancient cratonic rocks 
in the eastern Amazon drainage basin was affecting bottom waters. Sustained glacial 
episodes (including the Mi-1 event) are characterised by low εNd, which indicates that 
the flux of Nd from the Amazon was higher during these episodes. We propose that 
increases in Nd flux are a result of increased erosion within the Amazon drainage 
basin caused by changes in vegetation cover as a result of lower precipitation. 
Neodymium isotope analysis of sediments from Site 926 provides a unique insight 
into neotropical Amazon weathering regimes because of the proximity of the Ceara 
Rise to Amazon outflow. While further work is required to assess the impact of 
global cooling during the O/M transition on weathering at other tropical sites, this 
study further highlights the complexity of linkages between weathering rates and 
climate, that can be modulated by frequently overlooked variables such as vegetation 
cover. 
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5.8 Supplementary information 
Table 5-1: Nd/Ca of cleaned planktic foraminifera. Core depth show in metres below sea 
floor (mbsf). Sample ages are calculated using the age model of Palike et al., (2006a). 
Species ODP Sample Identification 
Site, Hole, Core, Section, Half, Int. 
Depth  
(mbsf) 
Age  
(Ma) 
No.  
Indiv. 
Sample mass 
(mg) 
Nd/Ca 
(µmol/mol) 
"D." venezuelana 926 B 46 4 W 71.5 - 73.5 428.02 21.62 33 1.16 1.56 
355-400 µm 926 B 46 5 W 146 - 148 430.26 21.69 31 1.26 1.74 
 926 B 47 1 W 65 - 67 433.05 21.80 31 1.08 1.53 
 926 B 47 3 W 104 - 106 436.44 21.91 40 1.44 1.38 
 926 B 47 5 W 25 - 27 438.65 21.98 31 1.09 1.92 
 926 B 48 1 W 86 - 88 442.96 22.13 36 1.25 1.95 
 926 B 48 3 W 122 - 124 446.32 22.24 37 1.38 2.30 
 926 B 48 6 W 132 - 134 450.92 22.39 33 1.34 1.94 
 926 B 49 2 W 12 - 14 453.32 22.48 32 1.18 1.38 
 926 B 49 3 W 83 - 85 455.53 22.56 50 1.97 1.26 
 926 B 49 5 W 35 - 37 458.05 22.65 59 2.42 1.20 
 926 B 49 5 W 117.5 - 119.5 458.88 22.68 31 1.31 1.16 
 926 B 49 6 W 55 - 57 459.75 22.72 40 1.65 1.50 
 926 B 50 1 W 21 - 24 461.61 22.80 41 1.57 2.00 
 926 B 50 1 W 71 - 75 462.11 22.81 45 1.88 1.48 
 926 B 50 1 W 103.5 - 107.5 462.44 22.82 38 1.48 1.81 
 926 B 50 1 W 103.5 - 107.5 462.44 22.82 28 1.04 1.82 
 926 B 50 1 W 131 - 134 462.71 22.83 34 1.33 2.37 
 926 B 50 2 W 11.5 - 14 463.02 22.84 35 1.36 1.68 
 926 B 50 2 W 38 - 42 463.28 22.86 32 1.12 1.86 
 926 B 50 2 W 65.5 - 69.5 463.56 22.87 42 1.54 2.01 
 926 B 50 2 W 96 - 99 463.86 22.88 35 1.40 1.98 
 926 B 50 2 W 122 - 124 464.12 22.89 35 1.26 1.54 
 926 B 50 3 W 0 - 4 464.40 22.90 40 1.37 2.38 
 926 B 50 3 W 27 - 29 464.67 22.91 41 1.58 2.71 
 926 B 50 3 W 57 - 59 464.97 22.93 37 1.35 1.28 
 926 B 50 3 W 81.5 - 84 465.22 22.94 37 1.27 1.71 
 926 B 50 3 W 112 - 114 465.52 22.95 36 1.38 1.95 
 926 B 50 3 W 138 - 141 465.78 22.96 35 1.27 1.84 
 926 B 50 4 W 18.5 - 21.5 466.09 22.97 38 1.37 1.56 
 926 B 50 4 W 47 - 49 466.37 22.98 16 0.58 2.23 
 926 B 50 4 W 76 - 78 466.66 22.99 36 1.39 2.86 
 926 B 50 4 W 102 - 105 466.92 23.00 22 0.88 1.87 
 926 B 50 4 W 102 - 105 466.92 23.00 36 1.31 1.77 
 926 B 50 4 W 131 - 134 467.21 23.01 39 1.34 2.42 
 926 B 50 5 W 5.5 - 7.5 467.46 23.02 26 0.92 2.24 
 926 B 50 5 W 46 - 49 467.86 23.03 40 1.54 2.63 
 926 B 50 5 W 68 - 70 468.08 23.04 37 1.48 1.75 
 926 B 50 5 W 91 - 95 468.31 23.05 36 1.38 2.26 
 926 B 50 5 W 111 - 114 468.51 23.06 44 1.64 2.12 
 926 B 50 5 W 134 - 137 468.74 23.07 33 1.15 1.98 
 926 B 50 6 W 7 - 9 468.97 23.07 53 2.04 2.55 
 926 B 50 6 W 28 - 30 469.18 23.08 44 1.57 2.64 
 926 B 50 6 W 50 - 53 469.40 23.09 34 1.30 1.88 
 926 B 50 6 W 72.5 - 74.5 469.63 23.10 39 1.52 1.66 
 926 B 50 6 W 93 - 96 469.83 23.11 39 1.47 2.40 
 926 B 50 6 W 115 - 119 470.05 23.12 33 1.25 2.28 
 926 B 51 1 W 21 - 23 471.21 23.16 31 1.14 2.45 
 926 B 51 1 W 41 - 43.5 471.41 23.17 33 1.27 1.47 
 926 B 51 1 W 63.5 - 67.5 471.64 23.18 38 1.46 1.69 
 926 B 51 1 W 109 - 111 472.09 23.19 26 1.03 2.04 
 926 B 51 2 W 1.5 - 3.5 472.52 23.21 35 1.36 1.83 
 926 B 51 2 W 46 - 49.5 472.96 23.22 36 1.34 1.83 
 926 B 51 2 W 112 - 114 473.62 23.25 32 1.38 1.57 
 926 B 51 3 W 72 - 74 474.72 23.29 43 1.91 1.55 
 926 B 51 4 W 111 - 113.5 476.61 23.36 40 1.57 1.89 
 926 B 51 6 W 79 - 81 479.29 23.52 33 1.40 1.72 
 926 B 52 1 W 141 - 143.5 481.91 23.64 33 1.39 3.10 
 926 B 52 4 W 49 - 51 485.49 23.78 20 0.79 2.28 
 926 B 52 6 W 11.5 - 13.5 488.12 23.89 33 1.28 1.39 
 926 B 53 1 W 99 - 101.5 491.19 24.00 22 1.00 1.66 
Neodymium isotope records of Amazon weathering across the Oligocene/Miocene boundary 191 
Table continued… 
Species ODP Sample Identification 
Site, Hole, Core, Section, Half, Int. 
Depth  
(mbsf) 
Age  
(Ma) 
No.  
Indiv. 
Sample mass 
(mg) 
Nd/Ca 
(µmol/mol) 
C.dissimilis 926 B 46 4 W 71.5 - 73.5 428.02 21.62 22 0.88 1.57 
355-400 µm 926 B 47 5 W 25 - 27 438.65 21.98 25 1.00 1.53 
 926 B 48 3 W 122 - 124 446.32 22.24 22 0.92 1.95 
 926 B 48 6 W 132 - 134 450.92 22.39 27 1.16 2.16 
 926 B 49 3 W 83 - 85 455.53 22.56 21 0.89 1.17 
 926 B 49 5 W 35 - 37 458.05 22.65 28 1.22 1.11 
 926 B 49 6 W 55 - 57 459.75 22.72 35 1.59 1.30 
 926 B 50 1 W 21 - 24 461.61 22.80 42 1.87 1.60 
 926 B 50 1 W 71 - 75 462.11 22.81 34 1.58 1.32 
 926 B 50 1 W 103.5 - 107.5 462.44 22.82 32 1.40 1.59 
 926 B 50 1 W 131 - 134 462.71 22.83 38 1.63 2.20 
 926 B 50 2 W 38 - 42 463.28 22.86 32 1.34 1.90 
 926 B 50 3 W 27 - 29 464.67 22.91 25 0.98 2.49 
 926 B 50 4 W 47 - 49 466.37 22.98 26 1.11 2.16 
 926 B 50 5 W 5.5 - 7.5 467.46 23.02 25 1.05 1.92 
 926 B 50 5 W 24 - 28 467.64 23.03 21 0.84 2.74 
 926 B 50 5 W 68 - 70 468.08 23.04 29 1.07 1.53 
 926 B 50 5 W 111 - 114 468.51 23.06 21 0.87 1.95 
 926 B 50 5 W 134 - 137 468.74 23.07 22 0.87 2.05 
 926 B 50 6 W 28 - 30 469.18 23.08 21 0.80 2.56 
 926 B 50 6 W 50 - 53 469.40 23.09 21 0.87 1.86 
 926 B 50 6 W 72.5 - 74.5 469.63 23.10 32 1.29 1.80 
 926 B 51 1 W 41 - 43.5 471.41 23.17 25 1.08 1.23 
 926 B 51 1 W 63.5 - 67.5 471.64 23.18 25 1.16 1.42 
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Table 5-2: εNd of fish teeth and cleaned planktic foraminifera from Site 926. Core depths 
and ages represent the mid-point of the sample interval. Ages are calculated using the age 
model of Palike et al., 2006a. εNd(0) denotes measured εNd values, and εNd(t) values have 
been adjusted for ingrowth of 143Nd since 23 Ma.  
 
 
Substrate Depth 
(mbsf)
Age 
(Ma)
143Nd/144Nd 
(normalised)
!Nd(0) !Nd(t) Internal 
reproducibility 
(2SE)
Fish teeth 926 B 46 4 W 40 - 50 427.8 21.61 4  teeth 0.511869 -15.00 -14.81 0.19
926 B 46 6 W 70 - 80 431.1 21.72 2  teeth 0.511869 -15.00 -14.81 0.18
926 B 47 2 W 70 - 80 434.7 21.85 3  teeth 0.511928 -13.86 -13.67 0.17
926 B 47 4 W 10 - 20 437.1 21.93 4  teeth 0.511888 -14.63 -14.44 0.19
926 B 47 6 W 42 - 50 440.4 22.05 2  teeth 0.511916 -14.09 -13.90 0.19
926 B 48 2 W 72 - 80 444.4 22.17 4  teeth 0.511898 -14.43 -14.25 0.18
926 B 48 4 W 52 - 60 447.2 22.27 3  teeth 0.511868 -15.02 -14.83 0.19
926 B 48 6 W 91 - 100 450.6 22.38 2  teeth 0.511884 -14.70 -14.51 0.18
926 B 49 4 W 109 - 120 457.3 22.62 4  teeth 0.511841 -15.56 -15.36 0.18
926 B 49 6 W 5 - 15 459.3 22.70 3  teeth 0.511895 -14.50 -14.31 0.20
926 B 50 6 W 82 - 92 469.8 23.11 2  teeth 0.511847 -15.43 -15.23 0.26
926 B 51 2 W 35 - 45 472.9 23.22 4  teeth 0.511897 -14.46 -14.26 0.36
926 B 51 2 W 128 - 133 473.8 23.26 3  teeth 0.511924 -13.92 -13.72 0.24
926 B 51 5 W 53 - 60 477.6 23.40 5  bones 0.511894 -14.52 -14.32 0.20
926 B 52 1 W 94 - 104 481.5 23.63 4  teeth 0.511803 -16.29 -16.09 0.16
926 B 52 5 W 29 - 38 486.8 23.84 1  teeth 0.511924 -13.92 -13.72 0.25
926 B 53 1 W 35 - 44 490.6 23.99 4  teeth 0.511830 -15.77 -15.57 0.19
926 B 53 3 W 105 - 114 494.3 24.10 3  teeth 0.511953 -13.37 -13.16 0.26
"D." venezuelana 926 B 46 4 W 40 - 50 427.8 21.61 16.0 mg 0.511854 -15.28 -15.13 0.22
926 B 46 6 W 70 - 80 431.1 21.72 23.3 mg 0.511840 -15.56 -15.41 0.20
926 B 47 2 W 70 - 80 434.7 21.85 19.5 mg 0.511907 -14.26 -14.11 0.21
926 B 47 4 W 10 - 20 437.1 21.93 21.8 mg 0.511846 -15.45 -15.30 0.23
926 B 47 6 W 42 - 50 440.4 22.05 36.3 mg 0.511871 -14.96 -14.81 0.20
926 B 48 2 W 72 - 80 444.4 22.17 23.4 mg 0.511865 -15.07 -14.92 0.27
926 B 48 4 W 52 - 60 447.2 22.27 19.9 mg 0.511791 -16.52 -16.36 0.17
926 B 48 6 W 91 - 100 450.6 22.38 25.5 mg 0.511858 -15.21 -15.06 0.23
926 B 49 4 W 109 - 120 457.3 22.62 36.1 mg 0.511860 -15.18 -15.03 0.16
926 B 49 6 W 5 - 15 459.3 22.70 61.7 mg 0.511878 -14.82 -14.66 0.20
926 B 50 6 W 82 - 92 469.8 23.11 27.6 mg 0.511832 -15.72 -15.56 0.20
926 B 51 2 W 35 - 45 472.9 23.22 14.6 mg 0.511861 -15.16 -15.00 0.25
926 B 51 2 W 128 - 133 473.8 23.26 18.4 mg 0.511909 -14.23 -14.06 0.22
926 B 51 5 W 53 - 60 477.6 23.40 28.7 mg 0.511861 -15.15 -14.99 0.24
926 B 52 1 W 94 - 104 481.5 23.63 26.0 mg 0.511883 -14.72 -14.56 0.18
926 B 52 5 W 29 - 38 486.8 23.84 32.1 mg 0.511873 -14.92 -14.76 0.21
926 B 53 1 W 35 - 44 490.6 23.99 8.2 mg 0.511832 -15.72 -15.56 0.24
926 B 53 3 W 105 - 114 494.3 24.10 28.0 mg 0.511958 -13.27 -13.11 0.21
G. bulloides 926 B 46 4 W 40 - 50 427.8 21.61 2.6 mg 0.511856 -15.26 -15.11 0.39
926 B 47 4 W 10 - 20 437.1 21.93 5.9 mg 0.511855 -15.27 -15.12 0.46
926 B 47 6 W 42 - 50 440.4 22.05 8.1 mg 0.511870 -14.99 -14.83 0.31
926 B 48 4 W 52 - 60 447.2 22.27 10.5 mg 0.511782 -16.70 -16.55 0.25
926 B 48 6 W 91 - 100 450.6 22.38 11.5 mg 0.511874 -14.90 -14.75 0.24
926 B 49 4 W 109 - 120 457.3 22.62 16.2 mg 0.511844 -15.48 -15.32 0.27
926 B 49 6 W 5 - 15 459.3 22.70 14.3 mg 0.511886 -14.67 -14.51 0.19
926 B 50 6 W 82 - 92 469.8 23.11 3.4 mg 0.511813 -16.10 -15.94 0.40
926 B 51 2 W 35 - 45 472.9 23.22 3.4 mg 0.511854 -15.30 -15.14 0.43
926 B 51 2 W 128 - 133 473.8 23.26 2.8 mg 0.511834 -15.68 -15.52 0.50
926 B 52 1 W 94 - 104 481.5 23.63 1.8 mg 0.511841 -15.55 -15.39 0.71
926 B 53 3 W 105 - 114 494.3 24.10 4.1 mg 0.511952 -13.38 -13.21 0.45
ODP Sample Indentification
Site, Hole, Core, Section, Half, Int.
No. indiv. 
or 
Sample mass 
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Plate 5-1: Digitally photographed examples of fossilised fish teeth analysed in this study.  
100μm#
926B 46 6W 70-80 cm 
~21.7 Ma 
926B 47 4W 10-20 cm 
~21.9 Ma 
926B 47 4W 10-20 cm 
~21.9 Ma 
926B 48 4W 52-60 cm 
~22.3 Ma 
926B 49 4W 109-120 cm 
~22.6 Ma 
926B 49 4W 109-120 cm 
~22.6 Ma 
926B 49 6W 5-15 cm 
~22.7 Ma 
926B 51 2W 35-45 cm 
~23.2 Ma 
926B 51 2W 35-45 cm 
~23.2 Ma 
926B 53 3W 105-114 cm 
~24.1 Ma 
926B 53 3W 105-114 cm 
~24.1 Ma 
         Core        Interval 
Hole       Section 
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6 Lessons on lithium isotope measurements of planktic 
foraminiferal calcite 
6.1 Abstract 
Drawdown of atmospheric CO2 resulting from changes in the rate and/or intensity of silicate 
weathering is considered to be a potential trigger for glacial expansion on Antarctica at 23 
Ma, during the so called “Mi-1 event”. To obtain evidence for a change in weathering 
processes, measurements of the lithium isotopic composition (δ7Li) of planktic foraminiferal 
calcite spanning the Oligo-Miocene (O/M) boundary are required, as the lithium isotopic 
composition of rivers, seawater, and ultimately planktic foraminiferal calcite, varies 
according to the intensity of silicate weathering. Prior to analysis by multi-collector (MC)-
ICP-MS, foraminiferal calcite samples must be effectively cleaned to remove contaminant 
phases such as clay minerals that are strongly enriched in the light 6Li isotope. Samples then 
undergo cation exchange chromatography to separate lithium from the sample matrix. This is 
done to avoid unpredictable instrumental mass-bias effects that can be caused by ionisation 
of non-anayltes. Lithium isotopes fractionate strongly during cation exchange 
chromatography, as the column resin preferentially retains the light 6Li isotope. Complete 
recovery of matrix-free lithium from the columns is therefore essential to ensure accurate and 
reproducible δ7Li data. Preliminary samples of O/M foraminiferal calcite, cleaned using a 
“large sample” cleaning technique (5-20 mg of CaCO3), yield δ7Li values up to 15‰ lower 
than previous estimates of O/M seawater. However, introduction of a more intensive cleaning 
procedure to later samples yielded δ7Li values within 2‰ of previous estimates. This strongly 
suggests that clay minerals are not effectively removed during cleaning of large samples, 
highlighting the need for the more intensive clay removal procedure. In addition, we have 
found that the external reproducibility of foraminiferal δ7Li measurements is poorer (±1.7‰, 
2σ) than it is for a seawater standard measured at the same time (±0.7‰, 2σ), possibly as a 
result of incomplete removal of the sample matrix and/or incomplete recovery of lithium 
from the cation exchange columns. 
Keywords: Lithium isotopes, Planktic foraminifera, Silicate weathering, Reproducibility 
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6.2 Introduction 
The Oligocene-Miocene (O/M) boundary at 23 Ma is marked by an abrupt (200 kyr) 
positive excursion (>1.5‰) in the oxygen isotope (δ18O) record measured in benthic 
foraminiferal calcite (Pälike et al., 2006a). This excursion, classically termed the 
“Mi-1 event” (after the “Mi-1 zone” of Miller et al., 1991), is now well dated cyclo- 
and magnotostratigraphically to “58Ol-C6Cn” in the scheme of Wade and Pälike, 
(2004) and Pälike et al., (2006b). One-dimensional ice sheet modelling and deep 
water temperature estimates from the Mg/Ca of benthic foraminifera suggest that this 
event represents considerable ice sheet expansion on Antarctica (up to near present-
day Antarctic ice volumes; Liebrand et al., 2011) and deep sea cooling of 
approximately 2°C during glacial inception (Lear et al., 2004). The Mi-1 event is also 
associated with a concomitant perturbation of the carbon cycle as indicated by an 
increase in δ13C of benthic foraminifera (Pälike et al., 2006a). While the orbital 
pacing of this event is now well documented (Paul et al., 2000; Zachos et al., 2001a; 
Zachos et al., 2001b), the dominant processes forcing the carbon cycle during O/M 
interval remain poorly understood.  
The residence time of lithium in the oceans is (τLi) is approximately 1 Myrs (Delaney 
and Boyle, 1986), so the lithium concentration ([Li]sw) and lithium isotopic 
composition (δ7Lisw) of seawater are globally homogenous (respectively, 26 M and 
31.5‰; Morozov, 1968; James and Palmer, 2000). On timescales greater than τLi, 
[Li]sw and δ7Lisw are governed by the balance between lithium inputs (rivers and high 
temperature hydrothermal fluids) and sinks (low temperature alteration of basalts and 
removal into marine sediments). Lithium isotope fractionation during low 
temperature basalt/sediment reactions preferentially removes the lighter isotope 6Li 
from seawater leaving the ocean enriched in the heavier 7Li isotope and, as a result, 
the δ7Li value of seawater is higher than either of its two sources (Zhang et al., 1998). 
The lithium isotope composition of hydrothermal fluids is broadly constant at 
approximately 6‰ (Chan et al., 1993), but the δ7Li value of lithium carried in 
solution by rivers is not. A study of the world’s major rivers shows δ7Liriver values of 
between 6‰ and 32.2‰ (Huh et al., 1998). There is no relationship between δ7Liriver 
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and basin lithology, implying that source rock composition is not a dominant control 
on fluvial δ7Li (Huh et al., 1998). Rather, the dissolved load almost always has higher 
δ7Li than the source rocks, because 6Li is preferentially retained in secondary mineral 
phases (Huh et al., 2001; Pistiner and Henderson, 2003). The offset between the high 
δ7Li values of the dissolved load, and the low δ7Li values of the particulate load of 
rivers is greatest in tributaries draining high-altitude regions, where water-rock 
contact time is short (“weathering-limited”), leading to superficial and incomplete 
weathering (Huh et al., 2001). In contrast, rivers draining low-lying ancient cratons 
have lower δ7Liriver values that are closer to those of the parent rock, as water-rock 
interaction times are long and weathering reactions tend towards completion 
(“transport-limited”). Further analyses of the δ7Li composition of the dissolved and 
suspended loads of river systems confirm an inverse relationship between δ7Liriver and 
silicate weathering intensity and, moreover, they show that >90% of lithium 
dissolved in rivers is derived from silicate rocks, even in carbonated dominated 
catchments (Kısakűrek et al., 2005; Vigier et al., 2009). Thus, while the lithium 
concentration of river water increases with increased silicate weathering rate, δ7Liriver 
is dominantly controlled by silicate weathering intensity. This makes lithium and Li 
isotopes promising geochemical tools for characterising past weathering regimes. 
The calcite tests of ancient planktic foraminifera recovered from deep-sea sediment 
cores are the substrate most commonly used for reconstructing past δ7Lisw and, in 
turn, past δ7Liriver (Hoefs and Sywall, 1997; Hall et al., 2005; Hathorne and James, 
2006; Abell, 2008; Misra and Froelich, 2012). Foraminiferal δ7Li appears invariant 
on short timescales (<τLi), even during changes in the carbonate ion saturation state of 
ambient seawater (Hall and Chan, 2004; Hall et al., 2005). Moreover, core top studies 
reveal that the majority of modern planktic foraminifera species take on a δ7Liforam 
composition within 3‰ of the seawater value (Hathorne and James, 2006). Records 
of δ7Liforam show remarkable consistency, even between different oceans, different 
water depths, and contrasting prevailing environmental conditions (Hathorne and 
James, 2006; Misra and Froelich, 2012).  These records are widely interpreted to 
reflect changes in silicate weathering intensity, for example, the 4‰ increase in 
planktic foraminiferal δ7Li over the last 15 Myr (Hathorne and James, 2006; Misra 
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and Froelich, 2012) is interpreted to represent a decrease in silicate weathering 
intensity as a result of increased physical erosion (Peizhen et al., 2001), following 
expansion of grasslands producing fine soils (Retallack, 2001), and late Cenozoic 
Himalayan uplift and exposure of fresh silicate rocks (Molnar and England, 1990).  
The increase in the Li/Ca composition of ancient planktic foraminifera over the O/M 
boundary, discussed in Chapter 4, suggests that silicate weathering rates increased 
across this interval, which in turn led to drawdown of atmospheric CO2, that may 
have triggered the glaciation event at 23 Ma. This hypothesis is supported by 
evidence for uplift and erosion of the Himalaya during this interval (Harrison et al., 
1992; Galy et al., 1996; van Hinsbergen et al., 2012) that increased the availability of 
fresh unaltered silicate rocks. This rapid exposure of substantial fresh silicate rock 
would serve to increase silicate weathering rates, but it would likely decrease the 
intensity of weathering reactions as water-rock contact times are reduced (Kump et 
al., 2000). To further investigate this proposed decrease in silicate weathering 
intensity, δ7Li records from ancient planktic foraminiferal calcite recovered from 
across this interval of climate change are needed. However, accurate and precise δ7Li 
data require effective cleaning of test calcite to remove contaminant phases, such as 
clay minerals, that are enriched in the light 6Li isotope relative to seawater (typically 
0‰; Pistiner and Henderson, 2003; Bouman et al., 2004; Chan et al., 2006). 
Furthermore, matrix elements such as Na and Ca must be removed from dissolved 
lithium samples prior to analysis by multi-collector (MC)-ICP-MS to avoid unwanted 
mass-bias effects that result from changes in the plasma ionisation equilibrium as 
non-analyte ions are formed (Grégoire et al., 1996; Tomascak et al., 1999). Column 
resins used to purify lithium isotope solutions by cation exchange chromatography 
preferentially retain the lighter 6Li isotope, fractionating lithium isotopes by over 
200‰, therefore it is vitally important that 100% of the lithium fraction is collected 
(Taylor and Urey, 1938; Moriguti and Nakamura, 1998; Misra and Froelich, 2009). 
Here we present δ7Li data for ancient planktic foraminiferal calcite recovered from 
Oligo-Miocene age sediments from the equatorial Atlantic Ocean. We compare our 
data to previous estimates of the δ7Li of seawater across the Oligo-Miocene and 
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assess the reproducibility of our data based on the repeat analysis of consistency 
standards. We document issues with the effectiveness of the cleaning procedure and 
the performance of column chemistry, suggesting updates to the current 
methodology. 
 
6.3 Methodology 
6.3.1 Geological setting & chronology 
Samples spanning the O/M boundary were taken from core sediments recovered from 
ODP Leg 154, Site 926, Hole B (3°43.148'N, 42°54.507'W, 3598.3 m present water 
depth; Shipboard Scientific Party, 1995), which is situated approximately 800 km to 
the northeast of the mouth of the River Amazon. Magnetostratigraphic age control is 
not available for ODP Leg 154 sediments, but a high quality magnetostratigraphy is 
available for ODP Site 1090, Agulhas Ridge (Billups et al., 2002; Channell et al., 
2003), which is correlated to ODP Site 926 (Liebrand et al., 2011). Sample ages are 
reported relative to the astronomically tuned age model for ODP Site 926 (Pälike et 
al., 2006a). 
6.3.2 Sample preparation 
Sediment samples were dried in an oven at 50°C, then gently disaggregated in 
deionised water using a shaker table and washed over a 63 µm sieve. Tests of the 
large, abundant and continuous planktic foraminifera “Dentoglobigerina” 
venezuelana (thermocline dweller; Pearson et al., 1997) were picked from the >355 
µm size fraction, according to the morphotype description of Stewart et al., (2012). 
Where abundance permitted, tests of the planktic foraminifera species 
Globigerinoides primordius (mixed layer dweller; Pearson et al., 1997) were also 
picked. 
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6.3.2.1 Cleaning procedure 
Adhering clay particles were removed by ultrasonication in deionised water and 
methanol. Tests were then subject to first reductive then oxidative cleaning to remove 
ferromanganese oxide coatings and organic matter, respectively. Finally, the calcite 
tests were given a weak acid “polish” to remove any re-adsorbed ions (Boyle and 
Keigwin, 1985; Rosenthal et al., 1997; Rosenthal et al., 1999; Hathorne, 2004).  
Initially, large D. venezuelana samples (3 to 20 mg of calcite) were cleaned in single 
batches; however, this technique proved to be ineffective (see below). Subsequent 
samples were therefore split into aliquots of approximately 1 mg, which were cleaned 
separately. Following cleaning, the tests were gently dissolved in 0.075 M HNO3 and 
transferred into clean vials; sub-samples were recombined at this stage. To check the 
efficacy of the cleaning process, a sub-sample of the dissolved tests was analysed for 
Al/Ca. 
6.3.2.2 Separation of lithium from matrix 
Lithium was separated from the foraminiferal calcite by cation exchange 
chromatography. The dissolved tests were dried down on a hot-plate and then re-
dissolved in 0.2 M HCl. The sample solution was loaded onto a column containing 
AG50W-X12 (Bio-Rad™) cation exchange resin (James and Palmer, 2000) and the 
lithium was eluted with 0.2 M HCl. All other cations were eluted with 6M HCl. The 
total procedural blank was less than 8 pg, which is <0.07% of the sample size and 
thus has negligible effect on δ7Li (typically < ±0.004‰). 
6.3.3 Analytical techniques 
6.3.3.1 Analysis of Al/Ca 
Prior to lithium isotope analysis, the Ca content of large carbonate sample (>5 mg) 
solutions was determined by inductively coupled plasma optical emission 
spectroscopy (ICP-OES; Green et al., 2003). Measurements of Ca concentration were 
used to assess the loss of sample mass during the cleaning procedure, and to ensure 
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that the samples and standards were matrix matched. Al/Ca ratios were then 
determined by ICP-MS (Perkin Elmer DRC) using the technique of Rosenthal et al., 
(1999). The external reproducibility of the Al/Ca measurements was 11.8% (2σ) 
based on repeat analysis of two foraminiferal calcite consistency standards (n=23, for 
both standards). 
6.3.3.2 Li isotope analysis 
The lithium isotopic composition of the samples was determined by multi-collector 
(MC)-ICP-MS (ThermoFisher, Neptune). Samples were diluted with 3% HNO3 to 
give a solution containing 5 ppb of lithium.  Each sample analysis was bracketed by 
analyses of a 5 ppb lithium isotope standard (LSVEC; lithium carbonate); the lithium 
isotopic composition of the blank solution (i.e. 3% HNO3), determined before and 
after each sample and standard analysis, was subtracted. The lithium isotopic 
composition of the sample is reported as the per mil deviation from the average of the 
two bracketing standards:  
 
 
    Equation 6-1 
  
 
The combined uncertainty of an individual sample analysis is typically less than 
0.2‰ (Table 6-1). The external reproducibility was determined by repeat analysis of 
standardised seawater and LSVEC standards (that had been subjected to column 
chemistry). The δ7Li values of the standard seawater and LSVEC standards measured 
alongside G. primordius samples were respectively 32.0±0.7‰ (2σ, n = 10) and 
0.5±1.7‰ (2σ, n = 7). However, the external reproducibility of these standards 
analysed alongside D. venezuelana samples in our final run was considerably worse 
(respectively ±2.0‰ and ±2.5‰; 2σ, n=6) because of poorer MC-ICP-MS signal 
stability. 
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Table 6-1: δ7Li measured in O/M age planktic foraminiferal calcite from ODP Site 926. 
Core depth is given in meters below sea floor (mbsf). Sample ages are calculated using the 
astronomically tuned age model of Pälike et al., 2006. See text for description of 
uncertainties. 
 
6.4 Results and Discussion 
6.4.1 Removal of clay minerals 
The high [Li] (up to 70 ppm; Bouman et al., 2004) and low δ7Li values (typically 
0‰; Pistiner and Henderson, 2003; Bouman et al., 2004; Chan et al., 2006) of marine 
clay minerals means that small amounts of clay contamination can apparently 
increase the Li/Ca ratio and decrease the δ7Li value of foraminiferal calcite (Figure 
6-1). It is therefore imperative to screen samples for clay contamination; this is best 
achieved by monitoring Al/Ca. Initially, samples were cleaned in large batches (up to 
20 mg), but this gave Al/Ca values far higher than 200 µmol/mol (cross markers in 
Figure 6-2), the value below which samples are considered to be free of clay 
contamination (see Chapter 4). Crucially, δ7Li values measured for these samples 
were highly variable and very much lower that those reported in other studies 
(Hathorne and James, 2006; Misra and Froelich, 2012). For this reason, we elected to 
clean samples in small (1 mg) batches; these gave far more consistent results for δ7Li 
(solid markers in Figure 6-2 A.). There are two potential explanations as to why the 
efficacy of clay removal is reduced when cleaning large samples. Firstly the mobility 
of tests under ultrasonication is reduced because the tests are held in place by 
adjacent fragments. Secondly, the depth of water in the ultrasonic bath is higher, 
which diminishes the performance of the ultrasonic bath (Figure S 6-1). 
Species Depth
(mbsf)
Age 
(Ma)
Mg/Ca 
(mmol/mol)
!
7Li (‰) Propagated 
Internal error
(‰)
External error
(‰)
"D." venezuelana 926 B 46 5W 146 - 148 430.26 21.69 2.37 29.3 0.09 2.0
>355 µm 926 B 48 1W 86 - 88 442.96 22.13 2.33 27.6 0.06 2.0
926 B 50 4W 47 - 49 466.37 22.98 2.38 28.9 0.08 2.0
926 B 50 5W 111 - 114 468.51 23.06 2.40 27.5 0.21 2.0
926 B 51 2W 46 - 49.5 472.96 23.22 2.37 27.1 0.12 2.0
926 B 51 3W 72 - 74 474.72 23.29 2.46 26.5 0.20 2.0
926 B 51 4W 111 - 113.5 476.61 23.36 2.66 26.3 0.11 2.0
926 B 53 1W 99 - 101.5 491.19 24.00 2.48 27.0 0.05 2.0
G. primordius 926 B 46 4W 40 - 50 427.75 21.61 3.76 29.4 0.06 0.7
>355 µm 926 B 47 4W 10 - 20 437.05 21.93 2.97 26.5 0.10 0.7
926 B 47 6W 42 - 50 440.36 22.05 3.05 27.3 0.05 0.7
926 B 48 4W 52 - 60 447.16 22.27 2.70 27.3 0.04 0.7
926 B 48 6W 91 - 100 450.56 22.38 3.80 25.0 0.07 0.7
926 B 49 4W 109 - 120 457.35 22.62 2.52 27.4 0.04 0.7
926 B 49 6W 5 - 15 459.30 22.70 3.11 27.3 0.07 0.7
926 B 51 2W 128 - 133 473.81 23.26 3.31 28.1 0.12 0.7
926 B 53 3W 105 - 114 494.30 24.10 3.56 26.3 0.61 0.7
ODP Sample Indentification
Site, Hole, Core, Section, Half, Int.
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Figure 6-1: Theoretical effect of clay contamination on foraminiferal Li/Ca and δ7Li. Each 
plot shows a different clay composition with its respective weight percent aluminium. The 
red lines show the increase in Li/Ca and the green line shows the decrease in δ7Li as Al/Ca 
increases, indicating the addition of clay contaminants. Model assumes initial Al/Ca, Li/Ca 
and δ7Li composition of “pure” foraminiferal calcite of 30 µmol/mol, 15 µmol/mol, and 
28‰ respectively (this study). Contaminant clay composition is [Li] = 30 ppm (solid line), 
50 ppm (broad dashed line), 70 ppm (fine dashed line) and δ7Li = 0‰ (Pistiner and 
Henderson, 2003; Bouman et al., 2004; Chan et al., 2006). Percentage masses of clay 
contamination relative to calcite are labelled with black arrows. 
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Figure 6-2: Evidence of clay contamination in large samples (>3 mg). Panel A. Mass of 
CaCO3 cleaned versus δ7Li. δ7Li values for samples cleaned via the large-sample cleaning 
technique (G. bulloides in red and D. venezuelana in blue) and values for samples sub-
divided into small batches (~1 mg) for cleaning (solid markers; G. primordius, red circles 
and D. venezuelana, blue diamonds). Panel B. Al/Ca of planktic foraminifera against δ7Li 
after large-sample cleaning technique. Dashed line shows the 200 µmol/mol Al/Ca “cut-
off” discussed in Chapter 4. 
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6.4.2 Problems with reproducibility 
δ7Li data for D. venezuelana and G. primordius samples (Table 6-1), cleaned via the 
small sample cleaning procedure, are shown in Figure 6-3, together with the benthic 
foraminifera δ18O record of Pälike et al., (2006a) and the Li/Ca record for D. 
venezuelana (discussed in Chapter 4). δ7Li values range from 25.0 to 29.5‰ (average 
27.5‰) and given the uncertainty on data, there is no measureable offset between the 
two species and there is no obvious change in the δ7Li value of planktic foraminifera 
across the 3 Myr interval of study. Figure 6-3 D shows that δ7Li values we obtain are 
similar to other foraminiferal δ7Li records across this interval (Misra and Froelich, 
2012) and in the late Miocene (Hathorne and James, 2006), however the external 
reproducibility of the foraminiferal δ7Li data (±1.7‰; 2σ) is slightly worse than other 
foraminiferal δ7Li studies using MC and quadrupole ICP-MS techniques (c.f. 
typically less than ±1‰; 2σ; Hall et al., 2005; Hathorne and James, 2006; Misra and 
Froelich, 2009) and also worse than the external reproducibility of our seawater 
standard (±0.7‰; 2σ). Potential causes of this higher uncertainty in foraminiferal δ7Li 
are explored below. 
6.4.2.1 Matrix contamination 
Lithium isotope measurements by MC-ICP-MS are susceptible to mass-bias effects 
induced by ionisation of residual matrix elements such as Na and Ca after column 
chemistry (Grégoire et al., 1996; Tomascak et al., 1999). Following initial analyses of 
D. venezuelana samples for lithium isotope composition, the concentration of Na in 
sample solutions, diluted to 3 ppb Li, was analysed by ICP-OES. Figure 6-4 shows 
that all samples with poor internal reproducibilities (>±0.1‰) also had Na 
concentrations >1 ppb, which equates to a Na/Li ratio of >0.1 mol/mol. Furthermore 
the poorest δ7Li internal reproducibility of the samples measured in Figure 6-4 
(±0.4‰) also has by far the highest Na matrix contamination (Na/Li > 200 mol/mol). 
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Figure 6-3: δ7Li of planktic foraminifera across the O/M boundary. A. Benthic 
foraminiferal calcite δ18O record of Pälike et al., (2006a). B. Li/Ca of D. venezuelana. 
Smoothed fit of Li/Caforam data (blue line) created using “Smoother” tool in JMP 9.0 
software. C. δ7Li of D. venezuelana (blue markers) and G. primordius (red markers). White 
markers show planktic foraminiferal calcite δ7Li values (D. venezuelana and 
Globigerinoides trilobus) from Misra and Froelich (2012). D. δ7Li of planktic foraminifera 
over the last 30 Myr. δ7Li of D. venezuelana (blue diamonds) and G. primordius (red 
circles) from this study plotted alongside planktic foraminiferal δ7Li data from Misra and 
Froelich, (2012) (Black crosses) and Hathorne and James, (2006) (Open green circles). 
Error bars represent the 2σ external reproducibility. 
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Figure 6-4: [Na] in samples vs. internal reproducibility of δ7Li. Sodium concentration of 
foraminiferal calcite samples (diamonds) and columned LSVEC (green square) and 
seawater standards (blue squares) determined by ICP-OES. Samples analysed at ~3 ppb Li 
with [Na] results then normalised to 3 ppb Li.  
It is clear from our assessment of residual matrix that matrix-screening should be 
routinely carried out after δ7Li analysis to flag-up potentially spurious data. However, 
matrix contamination cannot fully account for the poor reproducibility of seawater 
and LSVEC standard solutions that, when measured, tend to have relatively low 
matrix ([Na] measured <1 ppb; Na/Li ratio of <0.1 mol/mol). We therefore discuss 
the second source of lithium isotopic fractionation in foraminiferal samples; the 
incomplete recovery of lithium during cation exchange chromatography.  
6.4.2.2 Incomplete recovery of lithium from columns 
Cation exchange resins preferentially retain the light 6Li isotope during elution, 
causing strong isotopic fractionation to occur (over 200‰) across the elution 
spectrum (Figure 6-5; Taylor and Urey, 1938; Moriguti and Nakamura, 1998; Misra 
and Froelich, 2009). This effect can strongly bias sample δ7Li if 100% of the loaded 
lithium is not recovered from the column. For this reason, cation exchange columns 
were calibrated using dissolved foraminiferal carbonate (blue line in Figure 6-6; see 
Chapter 2) to ensure maximum similarity of lithium concentrations and matrix with 
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samples in this study. A generous 19 ml collection-window was recovered from 
samples based on this calibration (Figure 6-6). It is therefore possible that poor 
standards and sample reproducibility is a result of subtle changes in lithium peak 
position within the elution spectrum, however, it remains unclear why the external 
reproducibility of seawater standards is better than that of foraminiferal samples and 
LSVEC standards when using carbonate calibrated columns. A simple change to the 
column protocol is therefore suggested, whereby the elution tails are separately 
collected before and after collection of the lithium fraction (Figure 6-6), as is standard 
procedure for other light isotope sample preparation (c.f. Foster, 2008). The lithium 
concentration of each sample tail can then be assessed to ensure that they contain 
<<1% of the total lithium loaded onto the column. 
 
Figure 6-5: Isotopic fraction of lithium on columns from Misra and Froelich, (2009). 
Change in isotopic composition of lithium with progressive elution from a cation exchange 
column. This experiment is similar to the studies by Moriguti and Nakamura, (1998) and 
Taylor and Urey, (1938). 
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Figure 6-6: Collection of lithium elution tails. Data from lithium column calibration in 
Chapter 2 and the proposed changes to the cation chromatography method to incorporate 
tail collection. 
6.5 Conclusions 
Three changes to the current methodology are proposed to potentially improve data 
quality of future planktic foraminiferal lithium isotope records. 
1) Foraminiferal samples must be cleaned in small (<1 mg) batches. Application 
of this more labour intensive, but ultimately more effective method of 
removing contaminant clay minerals, dramatically shifts foraminiferal δ7Li 
from isotopically light, clay-rich compositions, towards accepted values for 
contemporaneous seawater δ7Li.  
2) Sample solutions must be screened for residual matrix (i.e. Na and Ca) 
following cation exchange column procedures to ensure low matrix-induced 
ionisation interference during MC-ICP-MS analysis. 
3) Analysis of the lithium concentration of elution tails will highlight samples 
that are affected by column-induced fractionation, where <100% of the loaded 
lithium is recovered. 
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6.7 Supplementary information  
 
Figure S 6-1: Testing of ultrasonic bath. Ultrasonic bath tested at typical water depth for 
cleaning small, 1 mg, samples (4 cm depth; Panel A) and large, 10 mg, samples (8 cm 
depth; Panel B). Aluminium foil was suspended within the bath in positions back-left, 
middle and right (i, ii, and iii) and front-left, middle and right (iv, v, and vi) for 1 minute. 
Stippling or perforation of foil shows ultrasonic bath activity (white arrows). “Dead zones” 
(identified by a lack of stippling or perforation of the foil; red circles), are present in one 
foil (iv) in Panel A. but in multiple foils (i, iii, iv and vi,) in Panel B. suggesting a decrease 
in machine performance at greater water depths. Photography by Eleni Anagnostou. 
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7 Summary and future work 
This contribution set out to explore the linkages between climate and silicate 
weathering across the Oligocene-Miocene (O/M) transition, on both a local and 
global scale, through neodymium and lithium, trace element and isotopic analyses of 
ancient planktic foraminiferal calcite. The main conclusions of this work are given in 
Section 7.1, research still in progress is outlined in Section 7.2 and ideas for future 
work are given in Section 7.3. 
7.1 Conclusions 
Chapter 3. The large and abundant species of planktic foraminifera Dentoglobigerina 
venezuelana is shown to be an excellent substrate for the production of geochemical 
palaeoceanographic proxy records across the Oligo-Miocene (O/M) interval where 
mono-specific foraminiferal calcite samples for “sample-hungry” proxies are difficult 
to recover. The palaeoecological study presented here demonstrates the integrity of a 
sensu lato species description for geochemical analyses, as the different morphotypes 
are shown to possess similar depth habitats and ontogeny. This result goes some way 
towards resolving the taxonomy and palaeoecology discrepancies of the so-called D. 
venezuelana taxon, which has been previously regarded as something of a “dumping-
ground”. The results of this study are a critical first step for the production of reliable 
O/M palaeoceanographic proxy data and are good news for Cenozoic planktic 
foraminifera geochemical studies involving the novel isotope proxies of 
environmental change, that require large, single-species samples of foraminiferal 
calcite. 
Chapter 4. The trace element composition of D. venezuelana is shown to provide 
insight into environmental conditions across the Oligo-Miocene boundary, and 
provides new information as to the controls on Li incorporation into planktic 
foraminiferal calcite. Li/Ca values increase during intervals of high carbonate ion 
saturation state suggesting that this is the dominant control on Li uptake on short 
timescales. Mg/Li varies in phase with high latitude temperature, demonstrating the 
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potential of Mg/Li as a proxy for sea surface temperature (SST), perhaps 
circumventing problems associated with the Mg/Ca temperature proxy and its co-
dependency on carbonate ion saturation state and temperature. Li/Ca ratios are 
observed to increase across the Oligo-Miocene boundary, which can be interpreted in 
terms of an increase in the Li flux from rivers as a result of increased silicate 
weathering rates. The likely cause of this increase in silicate weathering is 
contemporaneous orogenic uplift and erosion of the Himalayas during the Oligo-
Miocene interval. This, in turn, would cause pCO2 to decrease, which may have 
triggered the Mi-1 glaciation. Our records also indicate that foraminiferal Cd/Ca 
increased during the Mi-1 event, which may mean that nutrient concentrations 
(specifically phosphate) in surface waters were higher, which likely boosted primary 
production. Any increase in primary productivity, coupled with higher export of 
organic carbon to the deep sea, would also lead to draw down of atmospheric CO2 at 
this time.  
Chapter 5. Records of neodymium concentration in foraminifera and foraminiferal 
and fish teeth εNd composition suggest that the Nd concentration of deep water was 
higher whilst seawater εNd was lower at Ceara Rise during O/M glacial intervals. This 
is interpreted in terms of an increase in the flux of weathered material from the 
Amazon during times of cooling and aridity in the neotropical Amazon basin. These 
data demonstrate that there are strong linkages between climate and physical erosion 
rates. Comparison between foraminiferal εNd and fish teeth εNd suggests that the 
neodymium isotopic composition of planktic foraminifera is derived from bottom 
waters and that primary surface water signals are overprinted by neodymium rich 
ferromanganese overgrowths that influence test calcite compositions even after 
cleaning. Caution is therefore advised when picking vast numbers of ancient planktic 
foraminifera with the aim of retrieving surface water records of Nd. Nevertheless 
(fortunately!), at this site, boundary exchange processes regulate deep water εNd 
values, such that the deep waters provide a record of surface (riverine) inputs to the 
ocean.  
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Chapter 6. Lithium isotope records recovered from planktic foraminifera from Ceara 
Rise do not permit interpretation of short-term changes in silicate weathering 
intensity during the O/M transition as a result of poor external reproducibility. 
However, from these results an updated methodology is suggested that includes; more 
efficient cleaning of foraminiferal calcite to remove clay mineral contaminants, 
screening of samples solutions for matrix contamination, and collection of elution 
tails. Implementation of these method alterations will allow a much needed record of 
silicate weathering intensity to be generated by future workers in this field. 
7.2 Research in progress: LOSCAR modelling 
Having established that changes in silicate weathering dynamics occurred across the 
O/M boundary, I am now working on modelling the impact of these changes in 
collaboration with H. Pälike, with the aim of answering: 1) Are the large and rapid 
changes in silicate weathering inferred from Li/Ca data (20% increase in 2 Myr) 
feasible, given the sensitivity of pCO2 to silicate weathering? 2) Following a change 
in silicate weathering rate, do model outputs of environmental conditions such as 
temperature and carbonate ion saturation state concur with records of trace element 
proxies across this interval? 3) Is a strong or weak negative “Walker feedback” 
appropriate for weathering across the O/M transition (i.e. Walker et al., 1981; Berner 
et al., 1983; Walker and Kasting, 1992)? 
To achieve these aims, I am using the Long-term Ocean-atmosphere-Sediment 
CArbon cycle Reservoir (LOSCAR) Model created by Zeebe, (2011). This ocean-
sediment box model (Figure 7-1) has been used to great effect to model carbonate 
system parameters during ocean acidification events such as the Palaeocene-Eocene 
Thermal Maximum (PETM) as well as the present day (Zeebe and Zachos, 2007; 
Zeebe et al., 2008). To replicate the Oligo-Miocene ocean a set of initial model 
parameters are defined (Table 7-1) and the model is allowed to “spin-up” until a 
steady state level of atmospheric CO2 is achieved. 
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Table 7-1: Initial LOSCAR model parameters applicable to the O/M. The desired carbonate 
compensation depth (CCD) is achieved by adjusting the weathering functions in Equation 
7-1 and Equation 7-2. Initial ocean temperature settings are shown red in Figure 7-1. 
Parameter Setting References 
Initial Pacific Ocean CCD 4500 m (Shipboard Scientific Party, 2002) 
Initial atmospheric pCO2 500 ppmV (Zachos et al., 2008) 
Initial [Ca] of seawater 12 mmol/kg (Heuser et al., 2005) 
Initial [Mg] of seawater 24 mmol/kg (Coggon et al., 2010) 
   
 
The LOSCAR model contains adjustable weathering fluxes with atmospheric CO2 
feedback terms (Walker et al., 1981; Berner et al., 1983; Walker and Kasting, 1992) 
for both carbonate (Equation 7-1) and silicate (Equation 7-2) endmembers (Uchikawa 
and Zeebe, 2008). 
      Equation 7-1 
       Equation 7-2 
F represents the weathering flux to the oceans (1012 mols yr-1) for carbonate 
(subscript “cc”) and silicate rocks (subscript “si”) and n is the strength of the CO2 
weathering feedback. “0” denotes initial values at steady state. By changing the 
silicate weathering flux across the study interval we can investigate the impacts of a 
20% increase in silicate weathering rate on O/M climate (Figure 7-2). The silicate 
weathering term can also be changed to respond strongly or weakly to the Walker 
weathering feedback (nsi=0.6 or nsi=0.2; Uchikawa and Zeebe, 2008). 
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Figure 7-1: LOSCAR ocean mixing regime and temperature inputs for the O/M ocean. 
Temperatures (red) chosen as intermediate values between the modern and PETM values of 
the LOSCAR model, with deep water values taken from Lear et al., (2004). T represents 
ocean conveyor transport. Terms tA and tI represent upwelling in the Atlantic and Indian 
Oceans and mx,y represents mixing between boxes x and y. 
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Figure 7-2: Potential LOSCAR modelling of silicate weathering across the O/M transition. 
Change in silicate weathering input to the model (green line) and expected responses of 
temperature (red) and the carbon cycle (atmospheric carbon dioxide and the carbonate 
compensation depth in orange and black respectively) to these hypothesised increases in 
silicate weathering. 
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7.3 Lines of investigation for future work 
The results of this thesis highlight the importance of many potential studies that will 
further add to our understanding of foraminiferal taxonomy, O/M palaeoceanography, 
and silicate weathering dynamics in the past. 
1. Further investigation is required into the morphotypic variability within commonly 
used species for palaeoceanographic studies. Globigerina bulloides is a prime 
example of a taxon used liberally for geochemical studies on samples spanning much 
of the Cenozoic, yet considerable uncertainties remain regarding the morphotypic 
variability and palaeoecology of this species. The distinction between potential sub-
species G. praebulloides, G. bulloides occlusa, and G. bulloides leroyi that are often 
grouped as simply “G. bulloides” is poorly defined in the literature. Furthermore the 
wide variability in carbon isotopic composition has prompted authors to suggest a 
possible algal symbiotic association with this species that was previously considered 
to be asymbiotic (Pearson and Wade, 2009). Clearly further stable isotope and trace 
element investigations (similar to those employed for the study of D. venezuelana in 
Chapter 3) are required are to resolve these uncertainties. 
2.  The potential of Mg/Li in planktic foraminifera as a proxy for SST is clear from 
this work. However, absolute temperatures are as yet unquantifiable because there are 
no robust Mg/Li - temperature calibrations for different species of planktic 
foraminifera. Only detailed studies into the Mg/Li compositions of core-top, sediment 
trap, and cultured specimens calcifying over a range of temperatures and carbonate 
ion concentrations will allow us to make quantitative estimates of SST and enable us 
to identify the species that will yield the most robust Mg/Li palaeo-temperatures. 
3. Findings presented here regarding the weathering dynamics of the neotropical 
Amazon derived from neodymium isotopes, lend themselves to further investigation 
using other isotope proxies for weathering. The isotopic compositions of lead 
(206Pb/207Pb) and hafnium (176Hf/177Hf) are ideally suited to reconstructions of 
localised weathering flux because, like Nd, the residence times of Pb and Hf are less 
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than the mixing time of the ocean and the isotopic compositions of these elements in 
seawater are weathering-sensitive (van de Flierdt et al., 2002; Burton, 2006). A study 
of the lead isotope composition of non-carbonate fractions of Ceara Rise sediments 
would help to ascertain the provenance of weathered material from the South 
American continent (particularly important during drainage basin reconfiguration 
during the late Miocene), while the congruency of weathering reactions assessed by 
hafnium isotope compositions (i.e. van de Flierdt et al., 2002) would confirm our 
hypothesised increases in physical weathering during intervals of cooling and aridity. 
4. The results presented here for neodymium and lithium weathering proxies 
highlight changes in silicate weathering on a local and global scale owing to the 
differences in oceanic residence time of these elements. The osmium isotope 
(187Os/188Os) weathering proxy is a useful intermediate timescale proxy (residence 
time 5 to 50 kyr; Oxburgh et al., 2007) with the potential to demonstrate the impact of 
the local fluctuations in Amazonian weathering to the global silicate weathering flux. 
Such a study would benefit from paired analyses of lithium, osmium, and neodymium 
to allow for direct comparison between weathering proxies (Burton, 2006). 
5. The suggestion that nutrient availability was higher at Ceara Rise during Mi-1, 
perhaps boosting primary production and export of organic matter from the surface 
ocean, suggests that organic carbon burial may have been an important factor in 
glacial inception (as suggested by Paul et al., 2000, and argued against by Lear et al., 
2004). Further palaeo-nutrient studies complemented by high-resolution percentage 
organic carbon records across the O/M transition, from globally separated sites, are 
required to assess the full impact of the Mi-1 event on the biological cycling of 
carbon.  
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